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SUMMARY
This work describes crystallographic investigations carried out 
on three copper(H) complexes.
Bis(2,4,6-trichlorophenolato)bis(pyridine)copper(II) crystallizes 
in the triclinic system: a = 9.576 X, b = 9.017 X, c = 9.129 S, 
a = 125.61°, 3 = 101.73°, y = 94.02°, Z = 1, space group PI. The 
structure was solved by Patterson and Fourier methods and refined by 
full-matrix least-squares to R = 0.039. The compound was found to be 
monomeric, and the stereochemistry at the copper to be the distorted 
elongated octahedral CUN2O2C&2 chromophore with a Cu-Cil bond length 
of 2.92 X.
Bis (2-methoxy-4-nitrophenolato)bis (y-picoline) copper (I I) also
o p
crystallizes in the triclinic system: a = 10.537 A, b = 10.521 A, 
c = 15.377 A, a = 121.031°, 0 = 110.958°, y = 86.105°, Z = 2, space 
group PI. The structure was solved by Patterson and Fourier methods, 
supported by direct methods, and refined by full-matrix least- 
squares to R = 0.076. The stereochemistry at the copper has been 
found to be the distorted elongated octahedral CuN20tf chromophore.
Bis(NjN’-dibenzylethylenediamine) copper(II) dibromide 
crystallizes in the monoclinic system: a = 12.872 X, b = 21.074 X, 
c = 12.633 X, 3 = 108.19°, Z = 4, space group P2i/c. The structure 
was solved by Patterson and Fourier methods and refined by full- 
matrix least-squares to R = 0.042. The stereochemistry at the 
copper atom was found to be a distorted square pyramid formed by 
four nitrogen and one bromine. The other bromine was a bromide ion, 
and molecules were linked across a centre of symmetry by two bromide
ions. The plane of the copper atom and the three bromines to which 
it is linked is nearly normal to the plane of the four nitrogen 
atoms.
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PART A
Crystallographic studies of bis(2,4,6-trichlorophenolato)bis- 
(pyridine) copper (II) and bis(2-methoxy-4-nitrophenolato)bis- 
(y-picoline) copper (II)
INTRODUCTION
Investigations into substituted phenols as ligands were initiated 
in the Department of Chemistry at the University of Surrey by Bullock 
and co-workers (1970, 1971, 1974). In these, attempts were made to 
correlate the solid-state electronic reflectance spectra of some 
copper(II) complexes with the stereochemistry of the coordination 
polyhedron around the metal. Methods have been established (Hathaway, 
1970, 1970a) whereby stereochemical deductions can be made from the 
analysis of reflectance spectra within a closely related group of 
copper (I I) compounds, although it has been pointed out (McKenzie, 1970; 
Hathaway, 1972) that knowledge of the crystal structure of at least 
one member of the series is probably essential.
A series of copper(II) complexes with nitrogen bases and 
substituted phenols as ligands provides a closely related group of 
compounds where such correlations between electronic spectra and 
stereochemistry can be investigated. The solid-state diffuse 
reflectance spectra of these compounds fall into three classes:
I The main characteristic is a relatively intense absorption 
at about 13.2 kK.
II Two d-d transitions at about 14 kK and 17 kK.
Ill A strong broad absorption at about 20 kK probably caused by
charge transfer. This is absent in I and II, and obscures 
any other absorptions in III.
Bis (2-methoxy-4-nitrophenolato)bis (pyridine) copper (I I) is an 
example of a compound in class I. The crystal structure analysis of 
this compound showed the copper atom to be coordinated to the pyridine
nitrogen atoms (2.05(2) and 2.08(2) X) and the phenolic oxygen atoms 
(1.93(2) and 1.95(2) X), with the methoxy-oxygens coordinated at 
non-equivalent distances (2.46(2) and 2.58(2) X) and completing a 
tetragonally-distorted, elongated octahedral coordination. The mean 
tetragonal distortion may be represented by
R(short)
T = ------
R(long)
where R(short) is the mean Cu-X distance for the four short coordination 
distances and R(long) is the mean of the two axial Cu-X distances. For 
regular octahedral coordination T = 1, and for square planar 
T = 0.56-0.66. For this compound T = 0.794.
Bis (4-fomiyl-2-methoxyphenolato)bis (pyridine) copper(II) monohydrate 
is an example of a compound in class II. The crystal structure analysis 
of this compound (Hobson et al, 1973) shows a shorter average distance 
between the copper and oxygens of the methoxy groups (2.321(6) and 
2.413(6) X), the coordination around the copper being otherwise similar 
to the first compound. This results in the value of T increasing to
0.837, and then smaller tetragonal distortion was considered to be the 
determining factor influencing the spectra.
Bis (2,4,6-trichlorophenolato) (N ,N ,N' ,NT -tetramethylethylenediamine) - 
copper(II), CuT2MEEN, is an example of a compound in class III . This 
has a distorted square square-planar configuration, as shown by crystal 
structure analysis (Vogt et al, 1968), the distortion being imposed by 
the bidentate MEEN ligand. The mean polar angle a is 84°. This would 
be 90° for a regular square plane and 54°44f for a regular tetrahedron, 
and so is a measure of the tetrahedral distortion present. Literature 
examples show that complexes with a square-planar CuN2G2 moiety,
typically show a charge-transfer absorption in. the region of 20 kK, 
with d-d transitions which move to lower energy as a is decreased. 
CuT2MEEN shows what is possibly an intense charge-transfer absorption 
at 20.8 kK, and so fits into this pattern, so it was suggested that 
compounds in class III contained a square-planar coordination round the 
copper, with varying degrees of tetrahedral distortion.
From these examples, Bullock et al (1974) proposed the following 
system for assigning coordination polyhedra from the reflectance spectra:
RT diffuse
Glass reflectance spectra Copper stereochemistry
I Single peak near 13 kK, 
sometimes with poorly 
resolved shoulders
Tetragonally distorted 
octahedra, T typically
<0.8
I - II Two shoulders, about 
15 kK and 17 kK
T typically ~0.8
II Two peaks, about T typically >0.8
14 kK and 17 kK
III Intense absorption, Tetrahedrally distorted
possibly charge transfer, square planar with a
about 20 kK. Typically decreasing with decrease
accompanied by two or in d-d transition energies
more d-d absorptions in 
the range 4-18 kK, often 
appearing as shoulders
Subsequently a number of structure analyses have been carried out 
to test the validity of this relationship. A class I complex, bis- 
(2-methoxy-4-nitrophenolato) (N,N,N’ ,Nf -tetramethylethylenediamine)- 
copper(II) dihydrate was shown to have the expected large tetragonal 
distortion of the CuN2CV chromophore, with a T value of 0.776 
(Povey, 1975).
Two other compounds, bis (4-formyl-2-methoxy- phenolato) (N,N,N' ,N'- 
tetramethylethylenediamine)copper(II) tetrahydrate, Cu(V)2MEEN4H20, 
and the corresponding anhydrous compound Cu(V)2MEEN were subjected to 
crystal structure analysis (Greenhough, 1975). From spectral 
considerations, the first compound was placed between classes I and II, 
with an expected T value of about 0.8, and the structure analysis gave 
a T value of 0.793. The anhydrous compound was a member of class III, 
and from the spectra was predicted to have a large value of a, with 
coordination approaching tetrahedral and the two methoxy-substituents 
not coordinated. Crystal structure analysis showed the stereochemistry 
at the copper to be that of a distorted, compressed octahedron, a 
result totally at variance with the prediction from the reflectance 
spectrum.
The diffuse reflectance spectrum of bis(2,4,6-trichlorophenolato)- 
bis (pyridine) copper (II) exhibits a single relatively intense d-d 
absorption at 13.2 kK with a poorly resolved shoulder at 16.7 kK. The 
spectrum is virtually identical with that of bis(2-methoxy-4-nitro- 
phenolato)bis(pyridine)copper(II) and is thus a member of class I. It 
would be expected to have a tetragonally-distorted octahedral 
stereochemistry with a large tetragonal distortion. The crystal fields 
generated by the different phenolato groups cannot be the same, but it 
would be very difficult to describe this quantitatively.
The 2-chloro substituent could be coordinated to the copper, but 
it is also possible that the structure is polymeric with the phenolic 
oxygens as bridges. The spectral evidence was thought to favour the 
polymeric structure, and the steric hindrance of the pyridine ligands 
and poor donor properties of the 2-chloro substituent also made the 
polymeric structure seem more likely.
Bis(2-methoxy-4-nitrophenolato)bis(Y-pitoline)copper(II) has a 
reflectance spectrum with two peaks at 13.46 kK and 17.39 kK. The 
separation of the peaks is almost the same as in bis(4-formyl-2-methoxy- 
phenolato)bis(pyridine)copper(II) monohydrate, referred to previously as 
an example of a compound in class II, but the spectrum is shifted to a 
higher energy. This should increase the distortion, and so the distance 
between the copper and oxygens of the methoxy groups might be expected 
to be somewhat greater than the average value of 2.37 X found for the 
other compound, but shorter than those in the compounds in class I.
The object of the present work is to carry out single crystal 
structure analyses of these two compounds to confirm or disprove the 
stereochemistry predicted from the spectroscopic results.
1. The Crystallography of Bis(2,4,6-trichlorophenolato)bis(pyridine)-
copper(II)
1.1 Preliminary investigations
Crystals of bis(2,4,6-trichlorophenolato)bis(pyridine)copper(II), 
C22Hi*a6CuN202i were supplied by Dr J Bullock of the University of 
Surrey. This compound was first prepared by Hobson (1973) and labelled 
CuT2(Py)2, hereinafter referred to as CUTP.
The crystals were dark reddish brown in colour, and were in the 
form of plates having average dimensions of about 0.5, 0.4, 0.1 mm. The 
crystals were of good quality, and further recrystallization was not 
necessary.
The crystals were examined first using a polarizing microscope, 
but owing to their strong absorption, neither extinction directions nor 
interference figures could be obtained.
Density measurement
The density of CUTP was measured by flotation in an aqueous 
solution of zinc bromide. The value obtained was
Dm = 1-64(2). g-cm"3
Unit-cell measurement
A well-developed crystal was mounted with its long direction 
vertical, and aligned by means of 15° oscillation photographs. The 
final photograph is given in Fig. 1.1. The long axis was designated c, 
and measurement with a Bernal chart gave
c = 9.18 X
The crystal was transferred to the Weisseriberg camera and the 
hkO, hkl, hk2 and hk3 Weissenberg photographs taken (Figs. 1.2-1.5).
The process was repeated with the crystal mounted on the other 
axes; the Weissengerg photographs h0£ and C M  are given in Figs. 1.6 
and 1.7. Measurement of these photographs gave the reciprocal cell 
dimensions; these, together with the direct cell dimensions obtained 
from them, are:
a* = o.no X'1 a = 9.52 X
b* = 0.139 X"1 b = 9.10 X
c* = 0.141 X"1 c = 9.15 X
a* = 51.2° a = 126.8°
3* = 74.2° 3 = 100.0°
Y* = 75.0° Y = 95.3°
Refinement of the unit-cell parameters
The crystal was next transferred to the Siemens four-circle 
diffractometer. Using the program DIFSET (Povey and Shirley, 1971) 
the 6, <J) and ip values of all possible reflections up to 0 = 70° were 
calculated using the unit-cell parameters obtained from the photographs.
In order to refine the unit-cell parameters to obtain accurate 
values of 0, cf) and ip for intensity measurements, accurate values of 0 
must be obtained for several high order reflections, preferably high 
enough to allow good resolution of the Ka doublet. They should be of 
sufficient intensity to give good counting statistics and suitably 
spread over reciprocal space. A useful guide is to select reflections
Fig 1*1* 15° oscillation photograph of CUTP about the long axis 
(Cu-filtered radiation).
Fig 1.2, hkO Weissenberg photograph of CUTP 
(Cu-filtered radiation)*
Fig 1*3» hk1 Veissenberg photograph of CUTP 
(Cu-filtered radiation)*
Fig 1,4. hk2 Weissenberg photograph of CUTP (Cu-filtered ra^iajfcion
F i g 1 . 5 . hk3 Weissenberg photograph of CUTP(Cu-filtered radiation)
Fig 1*6. hOl Weissenberg photograph of CUTP 
(Cu-filtered radiation).
1
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Fig 1.7« Okl Weissenberg photograph of CUTP 
(Cu-filtered radiation).
of the highest 0-values visible to the eye on a 24-hour exposure 
Weissenberg photograph. In the case of CUTP twenty-one reflections 
with 0-values between 50° and 70° were chosen. The circular collimator 
of the counter was replaced by a vertical slit of width 0.2 mm and then 
reflections scanned across in 0 using the differential-measurement 
method. In this method the reflection profile is scanned across 0 in 
steps, in this case of 0.01°. The number of steps taken depends on the 
peak width, and 40 to 50 were found to be adequate to ensure at least 
five steps below the ai peak and above the a2. The 0-values of the 
maxima of the ai and a2 peaks were obtained from these scans by a 
quadratic least-squares fit to the experimental points. The ai and a2 
peaks were resolved in each case, giving 42 independent measurements in 
all. A least squares fit of the 0mQx values using the program LSCELL 
(Norment, 1963) gave the refined parameters and errors included in 
Table 1.1. Setting angles 0, cf) and tf; were then calculated using the 
refined cell parameters, for all possible reflections up to 0 = 70°j
X k & s  ’rc^cj4\(vis!u\\ V 'H\]L cX  ri-f rc-ChD rt) et&r
Unit-cell contents
The density of a crystal is given by
M .
D = ---
N.V
where N is the Avogadro constant, 6.0225 x 1023 mol 1, V is the unit 
cell volume, and M is the mass of the unit-cell contents in a.m.u. 
given by
M = Z x Mass of formula unit , 
where Z is the number of formula units per unit-cell. For CUTP, the
mass of the formula unit is 614.65 a.m.u. Using the refined unit-cell 
parameters and the observed density this gives
Z = 0.98
Hence, to the nearest integer, Z = 1, and the calculated density Dc is 
1.672(7) g cm 3; It is not significantly (3a) different from Dm.
Linear absorption coefficient
Ihe linear absorption coefficient of a crystal may be calculated
from
N
y = D EM —  
C a M
y
IPJ
a
where Dc is the crystal density, Ma is the atomic mass of atom a in 
the formula unit, N is the number of such atoms in the formula unit,
c i
(y/p) is the mass absorption coefficient for the atom a for the 
given radiation and M is the formula weight.
The value of y for CUTP forCuKa radiation obtained from this 
equation is
v(Cu KcO = 75-4 Cm’1
1.2 Data collecting and processing
Data collection
The setting angles which the diffractometer uses to orient the 
circles for each reflection were output onto paper-tape. The 5-value
TABLE 1.1 Crystal data for CUTP
Molecular formula CzaHmCJ^CuNaOz
Fomiula weight 614.652 a.m.u.
Crystal system Triclinic
Space group PT (assumed)
First set of data Second set of data*
a 9.586(2) X 9.576(6) X
b 9.004(8) X 9.017(7) X
c 9.123(6) X 9.129(7) X
a 125.48(6)° 125.61 (8) 0
3 101.73 (8) 0 101.73 (4) 0
y 94.04 (6) 0 94.02 (6) 0
Dm 1.64 (2) g cm 3 1.64 (2) g cm 3
Z. 1 1
Dc 1.672(7) g cm'3 1.673(7) g cm"3
v(Cu Ka) 75.4 cm-1 75.4 cm"1
FCO,0,0) 307 307
Vc 610.0 (4) X3 609.6 (4) X3
*
See Section 1.6
method of intensity collection was employed. In this method, the 
diffractometer is initially positioned at the 0 , <J> and \{j settings as 
given in the paper-tape. The counter-head then steps outward in 0.01° 
steps to 0 + A0i taking a time ti and accumulating Ii counts. The 
counter-head then remains stationary for t2 seconds accumulating I2 
counts, this count being taken as typical background, before stepping 
through the peak to 0 - A02 accumulating 13 counts in t3 seconds. A 
background count of I4 in t4 seconds is taken at 0 - A02 and finally 
the counter-head steps back to the 0 position accumulting I5 counts in 
t5 seconds. This process is illustrated in Fig. 1.8.
In order to eliminate the background, the number of background 
counts accumulated over the same time as the time taken to scan the 
complete peak, must be subtracted from the count taken while scanning 
the complete peak between 0 +  A0i and 0 - A02. That is (t2 + ti*) must 
equal (tx + t3 + t5).
The integrated intensity of the peak is then given by the equation 
I = (Ii + I3 + Is) - (I2 + U)
and
al = (I + I2 + Is + U + Is)^
An automatic system of time-factors and attenuation is incorporated 
in the diffractometer. This slows down the measurement of weak 
reflections and prevents damage to the counter from very strong 
reflections.
A threshold value of a given number of counts per second is set, 
and, if this is exceeded by an intense reflection, the attenuator system 
is automatically employed. As soon as this threshold is exceeded the
Ie-A£. e © + A 0 .
Pig 1*8. The 5-value method of* intensity measurement.
sensitivity of the amplifier is automatically reduced by a fixed amount.
If the threshold is still exceeded, attenuators of increasing thickness 
are introduced into the path of the primary beam until the number of 
counts per second falls below the threshold. The attenuation factors 
must be accounted for at data reduction time to relate all intensities 
to the same intensity of incident radiation.
The fastest possible measuring time per step is 0.06 seconds per 
0.01° step, and this is used for any reflection for which the 
attenuation system is used. Attenuators are not used when the reflections 
are weak, and then the measuring time per step is increased until, at a 
particular sensitivity of the ratemeter, a pre-set number of counts for 
that measuring time is exceeded with the counter-head set at 0 for that 
reflection. A maximum measuring time must be set to take into account 
the presence of very weak reflections which would take many minutes per 
step to exceed the required number of counts. The allowed time factors 
are 0.06, 0.12 and 0.24 seconds per step. These must be allowed for at 
data reduction time.
A reference reflection is employed during the data collection so 
that errors that might arise from variations in incident X-ray flux and 
room temperature may be corrected at the data processing stage. The 
diffractometer returns to the reference reflection after every block of 
twenty reflections and re-measures its intensity. The count totals for 
the reference reflections are inspected at frequent intervals, so that 
any crystal movement may be detected and adjusted. The data collection 
is restarted at a point prior to that where the count totals appear 
suspicious.
The intensities of all reflections between 0 = 0° and 0 = 70° 
were collected using this method.
Data processing
The output tape from the diffractometer was processed using the 
programs A.E.D. Data Reduction (Shirley, 1970) and PUNCHM (Ladd, 1970).
The A.E.D. data reduction program examines the counting statistics, 
allows for attenuation and time factors and makes corrections to the 
recorded intensities for the Lorentz and polarization factors.
Reflections are classified as unobserved where I/dl < 2.58 
representing a confidence probability of about 991. The | FQ | values 
obtained, including all the reference reflections, were input to the 
program PUNCHM, where the reference reflections were used to put all 
|F | values on a common scale. The reflections are first scaled in 
blocks of twenty according to the reference reflections before and 
after the block, then all the blocks are scaled to the average of the 
reference reflections. Cards are then punched out for each reflection, 
including J factor (observed/unobserved indicator), . | F | and a| FQ| .
The following summarises the data collected:
Number of observed reflections 919
Number of unobserved reflections 657
Average o(|Fq|), observed reflections 6.9%
Further treatment of data was carried out using the University of 
London CDC 7600 computer and the XRAY 70 system of programs. An 
absorption correction was not applied. The data was put on to a file 
using a data reduction program.
A program for the calculation of normalized structure factors 
also estimated values for the |Fq| relative scale factor, K, and the
overall temperature factor, B (Wilson, 1942; Karle and Karle, 1966;
02
Maslen, 1968). The values given, K = 2.32 and B = 3.2 A were used in 
the first stages of the analysis. The distributions of |E| values were:
Found Theoretical
Centric Acentric
Fraction greater than 1.0 .314 .317 : .368
2.0 .036 .046 .018
3.0 .001 .003 .000
This distribution supported strongly the assumption that the space 
group was Pt.
The atomic scattering factors included in the data file were those 
given by Dawson (1960) for chlorine, Freeman and Watson (1961) for 
copper, and Hobson and Ibers (1954) for carbon, nitrogen and oxygen.
The first stage of the structure analysis involved the use of 
Patterson methods to locate the positions of the heavy atoms.
1.3 Patterson methods
Theory of the Patterson function
The electron density at any point within the unit cell whose 
fractional coordinates are x,y,z is given by
00 00 oo
pfxvz') = V  ^ I I F (hk&) exp-2TTi (hx+ky+£z) (1.1)
_ _oo _ _oo —oo,—00 „ —00 00 
h k £
This represents the complete crystal structure, but from the 
observed data only the modulus of the structure factor is known, and so 
the electron density cannot be calculated directly. Of the methods 
used to overcome this phase problem, the Patterson function was the 
one adopted in the present investigation.
Patterson (1935) defined a function P(uvw) such that
P (uvw) = V
ri
p (xyz) p (x+u,y+v, z+w) dxdydz (1.2)
o o o
Combining equations (1.1) and (1.2) gives:
1 *1 *1
V «
OO OO CO OO 00 00
0 0 0
I I I I I I FChkS,)exp-2iri 
h"“ k'“ jT“ h'"“ k''°° i>
(hx+ky+£z) F (h' k ’ £ ’) exp- 2rri (h ’ x+k ’ y+£ ’ z) exp- 27ri
(h' u+k' v+£' w) dxdydz 
This gives terms of zero unless h = -h’, k = -k’, £ = -£*. Thus
00 00 oo
P(uvw) = y I 1 1 F(hk£)F(-h-k-£)exp4-27ri(hu+kv+£w)
1 —00 —00 — 00 
h k
As
|F(hkJt) |2 = F(hM)FC-h-k-a) ,
this becomes
00 00 oo
P(uvw) = y l  I I |F (hk£) | 2 expV27ri (hu+kv+£w)
, —00 , —00 —00
h k £
As this series involves only the modulus of the structure amplitude
and not the phase, the Patterson function can be computed from the data.
Using Friedel’s Law [|F(hk£)| = |F(hk£)|] this becomes
00 00 00
P(uvw) = y l  I £ |F(hk£)|2 cos2Tr(hu+kv+£w)
, —00 „ — OO —00
h k I
and so the Patterson function is real for all values of u, v and w.
The Patterson function describes vectors between electron densities 
such as p(x,y,z) and p(x+u,y+v,z+w) at points (x,y,z) and (x+u,y+v,z+w) 
in the unit cell. This vector will only have a non-zero value if both
ends of the vector are in regions of finite electron density. This will
produce peaks of this function of weight proportional to 
p(x,y,z) x p(x+u,y+v3fc+\8j at a point (u,v,w) in Patterson space. If 
there are N atoms in the unit cell, there will be N peaks on the 
Patterson map, N of which will be superimposed at the origin, due to 
the vector of each atom with itself. Hence, the Patterson function 
produces a map of interatomic vectors, all taken to a common origin.
Patterson peaks are broader than electron density peaks, and often 
many are superposed. These factors, combined with the large number of 
peaks, can make interpretation of the Patterson difficult. Generally, 
it is the largest peaks in the Patterson which provide readily 
interpretable information. These represent vectors between atoms with 
large numbers of electrons (’heavy-atom method’) . As there are usually 
few heavy atoms in the compound, there will be comparatively few peaks 
of this height. Peaks close to the origin may provide useful 
information about vectors between bonded atoms.
The Patterson function in CUTP
CUTP is triclinic with only one molecule in the unit cell. The 
statistical data was closer to that for a centrosymmetric structure 
than that for a non-centrosymmetric structure, although this was not 
conclusive. In either case, the copper atom would be placed at the 
origin of the unit cell, the only difference being that this would be a 
special position in the centrosymmetric case, where the copper atom has 
to lie on a centre of symmetry, there being only one copper atom in the 
unit cell. The preliminary treatment of the data assumed the presence 
of a centre of symmetry.
The largest peaks in the Patterson map would be those between the 
copper atom and the six chlorine atoms. If the centrosymmetric 
assumption is correct, this would result in only six peaks Jin the whole 
unit cell in Patterson space, or three in the asymmetric unit, as there 
would be superposition of vectors. Two Patterson maps were computed, 
one standard and the other a sharpened, origin-removed Patterson.
The unit cell was divided into thirtieths in each direction 
(giving approximately 0.3 X between each grid point) and the function 
was plotted with u across the page and w down the page. Sections 
with values of v from 0 to 15 thirtieths were plotted, giving half 
of the unit cell. Both plots showed four peaks larger than any others; 
the heights on the standard Patterson being 68, 71, 66 and 72 on a 
vector density scale of 0.1, and those on the sharpened origin-removed 
Patterson being 15, 14, 11 and 12 on a scale of 10.0. The presence of 
four high density peaks was due to the fact that two of them lay almost 
exactly on the section v = 15 thirtieths, and these corresponded to 
the same vector only in opposite directions. In fact, close 
examination showed that one peak was just below the half height ; the
other would therefore be just above. Hence it was reasonable to assume 
that these peaks corresponded to copper-chlorine vectors. The actual 
positions of the peaks on the map in fractional coordinates were:
u v w
1 0.53 0.11 0.87
2 0.12 0.38 0.35
3 0.39 0.48 0.15
As the copper atom is at the origin of the unit cell, these vectors 
give the actual positions of the chlorine atoms, and the u,v,w values 
correspond to the x,y,z values for the atoms in real space.
1.4 The Fourier synthesis
Theory of the Fourier synthesis
The general expression for the electron density (p) at a point 
x,y,z, within the unit cell is given by:
00 00 00
p(x,y,z) = 7 £ £ I F(hk&)exp-2Tri(hx+ky+Jlz)
h °° k °° I °°
If the phase of each structure amplitude is known, then the 
electron density for all points in the unit cell may be computed 
directly. This will then represent the complete crystal structure. This 
process is the Fourier synthesis, and the solution and refinement of the 
structure may be attempted by this method, once some way of assigning 
phases to the observed structure factors has been found.
In the Patterson method, the positions of the heavy atoms have, it 
is hoped, been located correctly, and phases can be calculated based on 
scattering from these atoms alone. These phases can then be assigned to 
the observed structure factors in that hope that, for the majority of 
the reflections, the rest of the atoms will not cause a change in phase, 
especially for the stronger reflections.
In order to carry out a Fourier synthesis it is desirable to put the 
observed structure factors on an absolute scale and for the calculated 
structure factors to include a temperature factor term. The values of 
these used at first are obtained from the program for the calculation of 
normalized structure factors, already described. The temperature factor 
obtained is an overall isotropic factor B.
The electron density map obtained from the magnitudes of the 
observed structure factors, and the phases from the calculated structure 
factors will contain features of both the model used and the real 
structure. This may be seen by writing the Fourier coefficients as 
{■ | Fq | /1 Fc | l|Fc|exp(ia^). Atoms already inserted may be displaced from 
their original positions towards their true positions, and so the new 
peak will provide a better estimate of the latter. The locations of 
atoms missing from the model should be indicated by positions of 
positive electron density if the model used is a sufficiently accurate 
one. The scale factor is also adjusted in the process, using the ratio
II*J
which should give a reasonable value.
Using the new positions of the atoms already found and the location
ii
K = —
of any new atoms found from peaks in the first Fourier which appear on 
a model to be in positions consistent with a reasonable geometry for 
the molecule, a second Fourier synthesis is calculated. The 
conventional R factor is calculated at each stage of the refinement,
o1 1 c
IIFol
to indicate the amount of improvement. This process is normally repeated 
until all atoms other than hydrogen have been located.
The Fourier synthesis in CUTP
Two Fourier syntheses were computed using the observed structure 
amplitudes and the phases calculated from the heavy atoms. The grid 
used divided each side of the unit cell into thirtieths, and the map 
was plotted in sections of y from 0 to 15 thirtieths.
One map was plotted on the basis of phases from the copper atom 
alone, which must be in the correct position as it is at the origin of 
the unit cell; the other used phases calculated from the copper and the 
three chlorine atoms. Calculations of the structure factors based on 
these models gave R values of 0.51 and 0.36, and overall linear 
scaling ratios of 0.55 and 0.84 respectively. This confirmed that the 
chlorine atom positions were correct, and the maps were examined for 
peaks.
There were some differences between the two maps, and the second 
Fourier was used to determine the coordinates of the other peaks. There 
were two peaks close to the origin, one at x = 0.22, y = 0.03, z = 0.08 
and the other at x = 0.02, y = 0.11, z = 0.87 in cell coordinates. A
rough calculation showed them to be at a distance of about 2 X from the 
copper atom, which is not unreasonable for copper-oxygen and copper- 
nitrogen bond lengths. The arrangement was approximately square planar.
The angles at which the aromatic rings were lying made it 
difficult to pick them out by examination of the map. A model was 
therefore constructed using polystyrene spheres on metal rods mounted 
on a cork base. By this means, the second of the two peaks quoted 
above was seen to be one of six forming a ring. This was therefore 
taken to be the nitrogen atom peak, and the other peaks represented the 
carbon atoms in the pyridine ring. (The positions of these peaks, 
together with those found at a subsequent stage, are given in Table 1.2.) 
The other peak close to the origin was the oxygen atom peak, but the 
benzene ring was not readily identifiable from this Fourier. A further 
Fourier map was therefore plotted, with phases based on the nitrogen, 
oxygen and five carbon atoms of the pyridine ring in addition to the 
heavy atoms already included. A structure factor calculation showed 
that this improved the R value to 0.29 and the overall linear scaling 
ratio to 0.92.
Further consideration of the model on the basis of the peaks in 
this Fourier map revealed the presence of the benzene ring in a 
reasonable position relative to the oxygen and chlorine atoms.
Inclusion of these six carbon atoms (C6-C11 in Table 1.2) improved the 
R value to 0.22 and the overall linear scaling ratio to 0.97. A 
Fourier map was plotted based on all atoms, and the heights of the 
peaks, on an electron density scale of times ten, are included in 
Table 1.2. Thus all the atoms, apart from hydrogen, had been located, 
and it was decided that this was a suitable place to start a 
least-squares refinement.
TABLE 1.2 Positions of peaks from Fourier maps
Cell coordinates TT • -u* •
PpaV Height in
,aK ------------------------- —  Atom finalnumber _ •Fourierx y z
1 0.00 0.00 0.00 Cu 470
2 0.53 0.11 0.87 a i 236
3 0.12 0.38 0.35 C£2 226
4 0.39 0.48 0.15 C£3 217
5 0.22 0.03 0.08 0 103
6 0.02 0.11 0.g7 N 87
7 0.93 0.20 0.85 Cl 69
8 0.96 0.30 0.78 C2 65
9 0.07 0.28 0.70 C3 66
10 0.16 0.18 0.70 C4 57
11 0.15 0.10 0.72 C5 54
12 0.29 0.14 0.25 C6 65
13 0.43 0.09 0.30 C7 65
14 0.52 0.21 0.47 C8 60
15 0.50 0.38 0.62 C9 67
16 0.37 0.43 0.58 CIO 58
17 0.27 0.30 0.40 Cll 64
1.5 Least-squares refinement
Once all the atoms other than hydrogen have been located, the 
Fourier synthesis is no longer very useful for precise adjustment of 
the atomic parameters, and a least-squares refinement, together with 
difference Fourier synthesis, is the best method to employ.
The crystallographic least-squares program CRYLSQ is available in 
the XRAY system of programs. This minimises a function M given by
M = Iw(|F0| - ||Fc|
where w is the weight assigned to each structure factor as a measure 
of its accuracy. In the first stages, unit weights are given to all 
reflections, and unobserved reflections normally omitted in 
calculating M.
In this process, temperature factors may be converted to aniso­
tropic factors tb j of the form
exp(-27r2 (Ui ih2a*2 + U22k2b*2 + U33£2c*2 +
2U23]<&b*c* + 2Ui3Ma*c* + 2Ui2hka*b*))
where lb ^ are the components of a symmetrical vibration tensor referred 
to the unit cell axes, and
lb . = B../8tt2ij iy
For an atom with an isotropic temperature factor B, the initial 
conversion to anisotropic temperature factors gives 
Bn = B22 = B33 = B.
The difference Fourier synthesis
If an electron density map is plotted using the coefficients 
.c|F I - |F |) and the phases of the calculated structure factors, this 
represents (P0 " Pc) • If the phases are correct, then this gives a 
direct measure of the difference between the model and the true 
structure. The synthesis will still provide useful information if 
there is some error in the phases, (p - p ) will remove series
termination effects around the heavy atoms.
The difference synthesis should show atoms not included in the
model as regions of positive electron density. If the model is
sufficiently accurate, hydrogen atoms may be located this way provided 
the data is good enough and the temperature effects not too large.
If atoms are erroneously placed, there will be regions of 
negative electron density in this position and of positive electron 
density in the correct position. This is illustrated in Fig. 1.9(a). 
The position can be corrected by moving the atom towards this region.
Errors in temperature factors also give rise to peaks on the 
difference map, as indicated in Fig. 1.9(b), and the various factors 
which can cause peaks can confuse the synthesis, but with care useful 
information can usually be obtained from it.
Least-squares refinement of CUTP
Three cycles of full-matrix least squares were performed On the 
atomic parameters, with the overall isotropic temperature factor 
converted to individual anisotropic temperature factors. The scale 
factor was also refined. This resulted in an improvement in the 
R-value from 0.22 to 0.12 for the 919 observed reflections. The
p  - p' o / <
/
= x coordinate in partial model 
x^ a actual x coordinate 
Fig 1.9(a), The effect on the difference Fourier synthesis 
of an atom with incorrect x coordinate.
\ /
Fig 1.9(h). The effect on the difference Fourier synthesis 
when the assumed isotropic temperature factor 
is too small.
overall linear scaling ratio was 1.06 and the new scale factor 2.37. 
This indicated that the proposed structure was approximately correct.
A weighting analysis was carried out in ranges of |Fq| , the 
results of which are summarized in Table 1.3. Although the ranges 
chosen were not ideal, values of average AF f|Fq|.— |Fc|) were plotted 
against average |F } (Fig- 1.10) and a least-squares fit calculated 
for the weighting scheme
1
which gave values a = -287.69, b = -0.0737; a value of C = 0 used; 
as the second-order fit seemed satisfactory. An analysis of the 
results of using this weighting scheme over more suitable ranges of 
|Fq| are given in Table 1.4, and it can be seen that,^taking into 
consideration the comparatively small numbers of reflections in the 
same ranges, the values of wAF2 are reasonably constant. Three cycles 
of full-matrix least squares were performed on all atomic parameters, 
and this resulted in an improvement in the R-value from 0.119 to 
0.114.
A molecular geometry program was then used to obtain the
coordinates of the seven hydrogen atoms attached to the aromatic rings
o
in the asymmetric unit. These were included at a distance of 0.99 A 
from the bonded carbon atom, and at the correct angle for trigonal- 
planar geometry. They were included in the data file, with an 
isotropic temperature factor of 3.8 X .
At the same time, examination of the list of reflections showed a 
number of |Fq| values with a . poor agreement with |FC|, shown by large
TABLE 1.3 Weighting analysis for CUTP
Upper limit  ^ | F | Number of j* Average Average
of | F | ' 0 reflections | Fq | AF
5.0 0 0 0 0 0
10.0 649.26 73 174.16 8.89 2.39
15.0 3822.3 308 716.57 12.41 2.33
20.0 3109.7 181 435.27 17.18 2.40
30.0 4689.3 193 463.77 24.29 2.40
50.0 4369.8 117 336.69 37.35 2.88
150.0 3007.7 . 47 259.58 64.0 4.46
t5 ~
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Fig 1.10. Plot of against for CUTP
TABLE 1.4 Weighting analysis after application of weighting scheme
Upper limit Number of Average Average
of |F | reflections |AF|2 w AF2
10.0 111 8.25 0.029
12.0 133 12.49 0.044
14.0 124 10.82 0.038
16.0 97 14.55 0.050
18.0 72 3.91 0.013
20.0 55 6.91 0.023
25.0 112 8.67 0.028
30.0 66 13.41 0.042
40.0 80 15.52 0.043
150.0 69 43.84 0.048
values of weighted AF. Comparison with the original data records 
indicated that some of these could have been due to errors at an early 
stage, and so they were excluded from the matrix. Three cycles of full- 
matrix least squares were performed on all atomic parameters, and this 
resulted in an improvement of the R-value from 0.114 to 0.108.
Clearly some major factor was preventing the further refinement of 
the structure. Although many of the bond lengths and angles (Table 1.5) 
were not unreasonable, there was a wide range in values for similar 
types of bond, and some values were clearly in error. In particular the 
distance C6-C7 in its benzene ring is nearly as long as a single bond 
(1.51 X), and other bonds and angles in this ring are highly suspect.
Also the carbon to oxygen bond length (1.24 X) seems too small.
One possibility was that the structure was not truly centrosymmetric, 
but sufficiently close to suggest the presence of a centre of symmetry. 
Thus the structure was treated as non-centrosymmetric, but commencing 
with the atoms arranged centrosymmetrically. Six cycles of full-matrix 
least squares were performed on all atomic parameters, and this resulted 
in a reduction in the R-value from 0.108 to 0.098 for the observed 
reflections. On the other hand, this did not result in any improvement 
in the bond lengths; on the contrary, carbon to carbon bond lengths of 
1.246 X and 1.575 X appeared in a pyridine ring, where values had been 
satisfactory on the centric model. Moreover, many temperature factors 
were not positive definite, and even at the end of the six cycles, 
those of both oxygen, both nitrogen and seven carbon atoms were still 
not positive definite. It thus appeared that the improvement in R did 
not represent a true improvement in the model structure, and so the 
acentric hypothesis was abandoned.
TABLE 1.5 Bond lengths and bond angles in CUTP as refined to 
R of 0.108
Atoms Bond length 
#)
Atoms Bond angle 
(°)
Cu -0 1.920 N -Cu -0 88.42; 91.58
Cu -N 2.010 Cu -N -C5 123.0
N -Cl 1.388 Cu -N -Cl 118.7
Cl -N -C5 118.2
N -C5 1.333 N -Cl -C2 122.3
Cl -C2 1.377 Cl -C2 -C3 117.1
C2 -C3 1.417 C2 -C3 -C4 118.6
C3 -C4 1.393 C3 -C4 -C5 120.9
C4 -C5 1.327 C4 -C5 -N 122.8
0 -C6 ____ 1.236 Cu -0 -C6 125.4
C6 -C7 1.511 0 -C6 -C7 120.5
C7 -C8 1.324 0 -C6 -Cll 132.1
C8 -C9 1.367 C6 -C7 -C8 124.0
C9 -CIO 1.407 C7 -C8 -C9 122.5
C10-C11 1.317 C8 -C9 -CIO 116.8
C11-C6 1.236 C9 -C10-C11 119.5
C7 -Cll 1.745 C10-C11-C6 129.2
C9 -C&3 1.720 C11-C6 -C7 107.0
C11-C12 1.779 C6 -C7 -cu 114.4
C8 -C7 -Cll 121.3
C8 -C9 -Cl3 122.1
C10-C9 -0,3 120.9
C10-Cll-a2 117.8
C6 -01-02 112.6
1.6 New data and its refinement
The next attempt to improve the structure was the collection of a 
new set of data. Accuracy of data collection in the laboratory had 
improved considerably since the original data was obtained owing to the 
purchase of a new scintillation counter, so another crystal was mounted 
on the diffractometer and, using data from the original photographs, 
the unit-cell parameters were refined in the same way as before. The 
new parameters are slightly different and included in Table 1.1. The 
reflections processed were:
Number of observed reflections 2019 (919)
Number of unobserved reflections 81 (657)
Average o’(|F |) (observed reflections) 1.-51 (6.91)
(The figures in brackets are the corresponding ones for the 
original set of data.)
The XRAY 72 system of programs was used. The normalized structure 
factor program gave the |E| statistics and distributions shown in 
Table 1.6. These again indicate that the centric model is the correct 
one. This program also estimated values of K = 0.084 for the |F| 
relative scale factor, and B = 2.9 X2 for the overall temperature 
factor.
The atoms other than hydrogen were included in the data file in 
the position they occupied after the refinement of the old data for a 
centrosymmetric structure, and three cycles of full-matrix least squares 
were performed on all the atomic parameters. This resulted in an R- 
value of 0.067 for the observed reflections, and so clearly the new 
data was providing a much better refinement of the structure. The 
overall linear scaling ratio was 0.99 and the scale factor 0.087.
TABLE 1.6 | E | statistics and distributions for CUTP
Theoretical
CUTP ---------------------
T I
<|E|2> 0.9979 1.0000 1.0000
c|E|> 0.8304 0.798 0.886
<1E|2 - 1|> 0.9063 0.968 0.736
%|E| > 1.0 0.3140 0.3173 0.3679
%|E| > 2.0 0.0362 0.0455 0.0183
%|E| > 3.0 0.0013 0.0027 0.0001
A weighting analysis was carried out, and a weighting scheme 
calculated as before. This gave values for the scheme
1
w = ---- :---
a + |Fq| + b|F0|2 + c|F0|3
of a = 65.66, b =  0.1894 and c = 0.0013. The results of applying the 
scheme are given in Table 1.7, and this shows the scheme to be 
reasonably satisfactory.
The hydrogen atoms were included in the structure, using the 
molecular geometry program as described previously. Three cycles of 
full-matrix least squares were performed on all atomic parameters, and 
this resulted in an improvement in the R-value from 0.067 to 0.056 for 
the observed reflections. The overall linear scaling ratio was 1.01 
and the new scale factor 0.079.
A calculation of bond lengths and angles was performed at this 
stage, and these showed a considerable improvement on the previous 
values. Thus, the short oxygen to carbon bond had increased from 1.24 
to 1.29 X; the C6-G7 bond in the benzene ring improved from 1.51 X to 
1.42 X, while the short C6-C11 bond lengthened from 1.24 X to 1.42 X, 
and the small angle at C6 in the benzene ring increased from 107.0° to 
113.0°. This data was therefore suitable for further refinement.
Dispersion
A correction for anomalous scattering (’dispersion1) was included 
in the data file at this stage.
Noimal atomic scattering factors assume that all electron motions 
are unrestrained and undamped. If damping is taken into account, the
TABLE 1.7 Weighting analysis after application of weighting scheme 
to new data
Upper limit Number of Average Average
of | Fq | reflections | AF |2 wAF2
4.0 393 .539 .008
8.0 418 .745 .010
12.0 373 .974 .010
15.0 199 1.231 .010
18.0 174 1.869 .013
22.0 109 1.698 .010
28.0 148 2.764 .012
35.0 77 2.757 .009
150.0 128 31.125 .022
atomic scattering factor becomes
£ = £ + . £ '  + *ef" = f i + if2o
where f ’ and f" are the real and imaginary components of the total 
scattering factor due to the anomalous scattering resulting from damped 
electronic motion. Anomalous scattering results in a breakdown in 
Friedel’s Law for non-centrosymmetric crystals, but not for centro- 
symmetric structures. Introduction of the correction can have a 
considerable effect on the model in the later stages of the refinement 
of a centrosymmetric structure. This replacement of f by 
.f + f' + if” is referred to as the dispersion correction.
The correction is comparatively small for light atoms and is only 
used for the heavier atoms in the structure.
For CUTP, the values used, as given by Cromer and Liberman (1970)
Three cycles of full-matrix least squares were performed on all 
atoms, with this correction included, and this resulted in a slight 
improvement of the R-value from 0.056 to 0.053.
Absorption
copper 2.019 0.589
chlorine 0.348 0.702
As the crystal had a large value for the linear absorption 
coefficient (p = 75.4 cm 1), it seemed likely that absorption errors 
would be significant, and that it was advisable to attempt a correction
for absorption. That due to de Meulenaer and Tompa (1965), available 
on the XRAY 74 system of programs, was employed. The effectiveness of 
this procedure depends strongly on the accuracy of the crystal Aitoa-os/an 
measurements, and these are not easy to obtain accurately for a 
triclinic crystal. Fig. 1.11 shows the crystal used for data collection 
on the diffractometer. As far as could be judged from measurements, the 
faces present were (100), (100), (01$^  (010), (001), (001), (Oil) and 
(Oil). The information required by the absorption program, apart from 
that already available, is the matrix relating the crystallographic axes 
to the diffractometer axes, and the perpendicular distance to all the 
faces of the crystal from any point within the crystal.
The relevant matrix is:
AX 1.000 BX 0.237 CX 0.301
AY 0.000 BY 0.972 C2SY 0.553
AZ 0.000 BZ 0.000 cz 0.782
where XYZ are the diffractometer axes, and ABC are a*,b*,c* of the 
crystal.
The measurement of distances between the faces of the crystal was 
carried out using a calibrated eye-piece with a scale of one division 
to 1.812 x 10 3 cm. This gave perpendicular distances between pairs of 
planes:
100 to loo 0.141 mm
010 to olo 0.261 mm
001 to 001 0.291 mm
Oil to Oil 0.437 mm
(011)
(001
(100)
Fig.1*11* The crystal of CTJTP used for data collection.
The required information was obtained from these figures, and 
using this program a new set of absorption corrected data cards was 
produced, and the information from them put onto the data file. A 
calculation of normalized structure factors gave an overall isotropic 
temperature factor, B = 3.05 X2 and an overall scale factor, K, of 
0.046.
Three cycles of full-matrix least squares were performed on all 
atomic parameters and produced an R value of 0.061, which was still in 
the process of improvement, and already better than that (0.067) 
obtained at a similar stage of refinement with the data not corrected 
for absorption. This, and subsequent refinement, showed that the 
absorption corrected data led to a marked improvement over the 
uncorrected data.
A weighting scheme was applied using the same methods as 
previously, the least squares fit from the weighting analysis giving 
for the equation
1
w = ------------------
a + F + bF 2 + cF 3 o o o
the values a = 15.609, b = -0.0019 and c = 0.0003. These were applied 
to a weighting least squares program, and the results of weighting 
analysis consequent to this are given in Table 1.8. As before, the 
results are perfectly satisfactory for all ranges of |Fq| except the 
last, and as this contains only a small percentage of reflections it 
should not introduce a large error. The corrections for dispersion for 
the copper and chlorine atoms were also included at this stage.
Three cycles of full-matrix least squares were performed on all 
atomic parameters, and resulted in a reduction of the R value from
TABLE 1.8 Weighting analysis for CUTP absorption corrected data 
after application of weighting scheme
Maximum value Number of Average Average
of |F |' reflections |AF|2 wAF2
4.0 511 .257 .014
8.0 425 .317 .015
12.0 375 .569 .021
15.0 215 .385 .013
18.0 144 .640 .019
22.0 123 .616 .016
28.0 124 1.091 .024
35.0 78 1.395 .024
150.0 105 41.382 .171
0.061 to 0.047. The overall linear scaling ratio was 1.00 and the 
new scale factor 0.044.
The positions of the seven hydrogen atoms were determined using 
the molecular geometry program, and these were included in the 
structure.
Extinction
A correction for secondary extinction is available in the XRAY 72 
system of programs due to Larson (1967). Of the two sorts of extinction, 
primary is generally regarded as negligible. Secondary extinction occurs 
when the strength of the primary beam is weakened by reflection from 
successive planes. Darwin (1922) first recognised the causes of 
extinction, and the theory has been developed by Zacharaisen (1963,
1967) and Coppens and Hamilton (1970). A full discussion of the 
extinction correction in X-ray crystallography will be found in 
Greenhough (1975), together with comments on the problems of 
interpretation of the values given by the XRAY program.
In the XRAY system, g is initialized at zero, and refined from 
there, and a mean pathlength T = 0.03 cm assumed, if no other values 
are available. As recommended by Greenhough (1975), the extinction 
coefficient was refined using unit weights, and held invariant when a 
weighting scheme was applied.
Five cycles of full-matrix least squares were performed on all 
atomic parameters, using unit weights and starting with a value of zero 
for the extinction coefficient and refining it during the program. The 
best value obtained for the extinction coefficient was about 1.9, and 
this was used in another five cycles of full matrix least squares,
using the weighting scheme previously determined. This resulted in 
an improvement in the R value from 0.047 to 0.039. The overall linear 
scaling ratio was 1.00 and the new scale factor 0.417.
The results of the refinement appeared to be satisfactory, and it 
was decided to take this as the final structure. A full list of 
atomic coordinates for atoms other than hydrogen, together with 
estimated standard deviations, is given in Table 1.9, and a similar 
list of thermal parameters in Table 1.10. Table 1.11 gives the values 
for the hydrogen atoms.
Observed and calculated structure factors are given in Appendix I.
1.7 The structure of CU1P
Fig. 1.12 is a stereoscopic view of the molecule normal to the 
square planar coordination plane and showing the labelling of the 
atoms. Tables 1.12, 1.13 and 1.14 give the bond lengths and bond angles 
in the molecule, with their estimated standard deviations. These all 
show reasonable agreement with accepted values for the types of bond, 
although the benzene ring has an apparent distortion from the regular 
hexagonal shape in the neighbourhood of the oxygen atom.
The copper shows the expected square planar coordination with two 
oxygen atoms at a distance of about 1.9 X and two nitrogen atoms at 
about 2.0 X. In addition, there are two chlorine atoms from the ortho 
position in the phenolato ring at a distance of about 2.9 X.
The chlorine-copper bond is not normal to the plane of the copper, 
nitrogen and oxygen molecules (Fig. 1.13). The chlorine-copper-nitrogen
Pig 1.12, Stereoscopic view of a molecule of CUTP showing 
labelling of atoms.
TABLE 1.9 Atomic coordinates and e.s.d. for all atoms of CUTP
other than hydrogen
Atom X y z
Cu 0 0 0
a i 0.53814( 9) 0.11185(11) 0.87400(12)
C£2 0.11526C 8) 0.38041(12) 0.35215(12)
C£3 0.38409C 9) 0.48754(12) 0.15409(11)
0 0.20774(20) 0.03257(28) 0.07522(28)
N 0.02514(25) 0.10199(33) 0.85549(34)
Cl 0.93315(31) 0.20525(42) 0.84286(44)
C2 0.95369(36) 0.29212(48) 0.76347(50)
C3 0.07263(38) 0.27153(50) 0.69003(51)
C4 0.16481(35) 0.16912(50) 0.70455(47)
C5 0.13860(31) 0.08634(44) 0.78706(43)
C6 0.29545(27) 0.14136(38) 0.24812(39)
C7 0.42455(29) 0.09513(39) 0.29873(42)
C8 0.52221(30) 0.20557(42) 0.48003(44)
C9 0.49364(31) 0.37106(42) 0.61846(42)
CIO 0.36963(32) 0.42620(40) 0.57996(43)
Cll 0.27367(29) 0.31139(40) 0.39828(42)
TABLE 1.10 Thermal parameters, ILj x lO1*, and e.s.d. for all atoms
of CUTP other than hydrogen
Atom Un u22 U33 U 12 U13 U23
Cu 244( 3) 424( 3) 386( 3) 94 ( 2) 78 ( 2) 300(3)
CS.1 437( 4) 487( 4) 507 ( 5) 241( 3) 94 ( 3) 195( 4)
C£2 451 ( 4) 603 ( 5) 605 ( 5) 322( 3) 240( 3) 436( 4)
C&3 471 ( 4) 550( 5) 396( 4) 43 (3) 26 ( 3) 208( 4)
0 259C 9) 479(11) 394(11) 106 ( 8) 83 ( 8) 297( 9)
N 320(12) 407(13) 390(13) 105(10) 101(10) 277(11)
Cl 341(14) 434(16) 456(16) 109(12) 73(12) 313(14)
C2 464(17) 514(18) 546(19) 91(14) 121(14) 411(16)
C3 496(18) 571(19) 551(19) 141(15) 167(15) 417(17)
C4 418(16) 603(20) 444(17) 80(14) 148(13) 347(16)
C5 321(14) 503(17) 417(16) 108(12) 102(12) 319(14)
C6 262(12) 391(14) 389(14) 82(10) 108(11) 289(13)
C7 282(13) 355(14) 419(15) 115(11) 98(11) 235(13)
C8 281(13) 435(16) 451(16) 98(11) 60(12) 264(14)
C9 322(14) 423(16) 382(15) 33(11) 65(11) 245(13)
CIO 406(15) 367(14) 431(16) 112(12) 180(12) 260(13)
Cll 298(13) 419(15) 465(16) 148(11) 165(12) 326(13)
TABLE 1.11 Atomic coordinates and thermal parameters and
e.s.d.’s for the hydrogen atoms in CUTP
Atom X y z u x 10* A*
HI 0.0091(44) 0.1615(55) 0.8908(57) 4.5 (1.1)
H2 0.0334(48) 0.3350(59) 0.7313(60) 6.8 (1.5)
H3 0.9786(52) 0.3140(67) 0.6826(66) 6.2 (1.4)
H4 0.2503(47) 0.1534(60) 0.6557(59) 4.5 (1.2)
H5 0.2061(46) 0.0117(57) 0.7953(58) 4.6 (1.2)
H6 . 0.6105(47) 0.1655(58) 0.5082(58) 4.8 (1.1)
H7 0.3501(41) 0.5452(56) 0.6800(55) 4.1 (1.0)
TABLE 1.12 Bond lengths and e.s.d.’s (X) for atoms other
than hydrogen in CUTP
Cu -0 1.911(2) Cu -N 2,036(4)
ai-c7 1.732C3) C£2-C11 1.745(3)
C&3-C9 1.742(3) 0 -C6 1.306(3)
N -Cl 1.362(5) N -C5 1.337(5)
Cl -C2 1.367(7) C2 -C3 1.407(6)
C3 -C4 1.363(6) C4 -C5 1.374(7)
C6 -C7 1.408(5) C7 -C8 1.389(4)
C8 -C9 1.380(4) C9 -CIO 1.378(5)
C10-C11 1.385(4) C11-C6 1.411(4)
C£2-Cu 2.919(4)
TABLE 1.13 Bond angles and e.s.d.’s (deg) for atoms other than
hydrogen in CUTP
0 -Cu -N 88.9(1); 91.0(1)
C£2-Cu -N 88.8C2)
C&2-Cu -0 73.9(1)
Cu -0 -C6 126.2(2)
Cu -N -Cl 119.8(3)
Cu -N -C5 121.8(3)
Cl -N -C5 118.1(4)
N -Cl -C2 122.2(3)
Cl -C2 -C3 118.8(4)
C2 -C3 -C4 118.7(5)
C3 -C4 -C5 119.7(4)
C4 -C5 -N 122.6(4)
0 -C6 -C7 120.9(2)
0 -C6 -Cll 125.1(3)
C7 -C6 -Cll 114.0(2)
C6 -C7 -C8 123.4(3)
.C7.-C8 -C9 118.9(3)
C8 -C9 -CIO 121.1(3)
C9 -C10-C11 118.4(3)
C10-C11-C6 124.1(3)
C6 -C7 -0,1 118.0(2)
C8 -C7 -Ol 118.5(3)
C6 -C11-02 117.8(2)
C10-C11-O2 118.0(2)
C8 -C9 -C£3 119.5(3)
C10-C9 -C£3: 121.1(3)
TABLE 1.14 Bond lengths (X) and angles (°) and e.s.d.’s for
hydrogen atoms in CUTP
Cl -HI 0.96( 6) C5 -H5 0.85( 4)
C2 -H2 1.00(10) C8 -H6 0.97( 4)
C3 -H3 1.02(13) C10-H7 0.99( 6)
C4-H4 0.97( 9)
N -Cl -HI 115 ( 4) C3 -C4 -H4 118 ( 3)
C2 -Cl -HI 123 ( 4) C4 -C5 -H5 118 ( 3)
Cl -C2 -H2 126 ( 8) N -C5 -H5 119 (3)
C3 -C2 -H2 112 ( 8) C7 -C8 -H6 118 ( 1)
C2 -C3 -H3 102 ( 9) C9 -C8 -H6 123 ( 1)
C4 -C3 -H3 132 ( 8) C9 -C10-H7 121 ( 2)
C5 -C4 -H4 123 ( 3) C11-C10-H7 120 ( 2)
aFig 1*13* Coordination about the copper atom in CUTP*
bond angles are very nearly right angles (88.8° and 91.2°), but the 
chlorine-copper-oxygen angles are considerably different (73.9° and 
106.1°). This is in accordance with steric considerations. In the 
molecule, the benzene ring can be rotated about the carbon-oxygen bond, 
and this results in the chlorine atom being free to move in an arc 
approximately normal to the nitrogen-copper-nitrogen line of atoms.
Thus the chlorine atom can occupy a position such that the chlorine- 
copper-nitrogen angle is 90° without any distortion of the natural 
geometry of the molecule. However, in this position the chlorine does 
not lie directly above the copper atom, and cannot be brought into such 
a position without distorting the copper-oxygen-carbon-carbon-chlorine 
part of the ring thus formed. Hence, the chlorine atom lies at about 
16° from the normal to the oxygen-nitrogen square plane, and so 
maintains the natural angles in the remainder of the ring. The equations 
of some least-squares planes and the angles between them are given in 
Table 1.15.
These values for the copper-chlorine bond lengths and angles are 
in accordance with the values predicted from the reflectance spectrum.
The value of T ( s e e  Introduction) is 0.676, the octahedral symmetry 
showing the expected large tetragonal distortion. Should the copper- 
chlorine distances increase still further a square complex would 
eventually form, when the 13.2 kK absorption is replaced by a single 
peak at about 20 kK. The shortest copper-chlorine contact in 
CuT2MEEN, referred to in the Introduction as a class III compound is
3.07 X, compared with that of 2.92 X in CUTP. The upper limit for the 
copper-chlorine bond requiring the spectral change is not known, but 
the difference between these two compounds is only 0.15 X. However,
MEEN is more sterically hindered than pyridine and probably is a better
TABLE 1.15 Some mean planes expressed in the form Px + Qy + Rz = S,
where x, y and z are fractional coordinates in direct
space. 6 is the mean deviation from the plane of the
atoms defining the plane
Plane [1) Plane (2)
P 2.7869 5.1991
Q 2.9617 6.8996
R 3.8534 -7.0910
S 3.6719 -2.6328
Atoms defining Deviations (6) Other Deviations (6)
the plane from the plane atoms from the plane
N1 -0.003 C6 -0.012
Cl -0.001 C7 -0.005
C2 0.006 C8 0.011
C3 -0.007 C9 0.000
C4 0.002 CIO -0.009
C5 0.003 Cll -0.006
C£1 0.005
C£2 0.014
C£3 0.001
6 0.004 6 0.008
Angles between the normals to planes: 76.9°
O-donor ligand. The bonds in the ’distortion* axis are longer than 
those in the spectrally identical bis(2-methoxy-4-nitrophenolato)bis- 
(pyridine)copper(II) mentioned in the Introduction, but in view of 
the differences in the crystal fields generated, and the change from 
oxygen to chlorine, these results are not inconsistent.
The compound is monomeric and not bridged by way of the phenolato 
oxygen atoms, and the polymeric structure mentioned in the Introduction 
is thus shown to be incorrect.
Since the completion of this structure determination, a structure 
has been reported (Wong et al, 1976) for another 2,4,6-trichloro- 
phenolato copper (II) complex, but with imidazole groups replacing the 
pyridine groups in CUTP. Table 1.16 lists the relative bond lengths 
and angles found in the two compounds, the other complex being referred 
to as CUTI.
Copper-nitrogen bond lengths are normally in the range 1.95-2.01 X 
(Iverson et al, 1972), although slightly longer bonds have been found 
(Greenhough, 1975), particularly in bis(2-methoxy-4-nitrophenolato)- 
bis (pyridine) copper (I I) (Hobson, 1974), where the pyridine nitrogen 
atoms are at distances of 2.05 and 2.08 X from the copper. The bond 
length of 2.04 X in CUTP is in close agreement with this result. The 
copper-oxygen bond length, on the other hand, is slightly shorter than 
the value normally quoted of 1.94 X (Pauling, 1962), and found in 
2-methoxy-phenolato copper(II) complexes (1.94 X, Hobson et al, 1973;
1.95 X, Bullock et al, 1974) and considerably shorter than that in CUTI 
(1,97 X). It does, however, agree with the value quoted (Vogt et al, 
1968) for bis(2,4,6-trichlorophenolato) (N,N,N* ,N'-tetramethylethylene- 
diamine) copper (I I), where a value of 1.91 X is also found for the 
copper-oxygen distance.
TABLE 1.16 Bond lengths (X) and angles (°) for comparable atoms 
in CUTP and-bis (2,4,6-tri chlorophenolato) bis- 
(imidizole)copper(II) (CUTI)
CUTP CUTI
Cu -0 
Cu -N 
0 -C6 
C6 -C7 
C6 -Cll 
C7 -C8 
C11-C10 
C8 -C9 
C9 -CIO 
C7 -C£l 
C11-OL2 
C9 -C£3 
Cu -C£2 
0 -Cu -N 
Cu -0 -C6 
C7 -C6 -Cll 
C6 -C7 -C8 
C6 -C11-C10 
C7 -C8 -C9 
C9 -C10-C11 
C8 -C9 -CIO
1.91 
2.04 
1.31
1.41
1.41
1.39
1.39
1.38
1.38
1.73 
1.75
1.74
2.92 
$8.9, 91.0 
126.2
114.0
123.4
124.1 
118.9
118.4
121.1
1.97
1.98 
1.32
1.41
1.41
1.39
1.39
1.36
1.36
1.74
1.74
1.75 
2.85
89.7, 90.3
129.5 
113.9
123.8
123.8 
118.0 
118.0
122.5
The most interesting part of the coordination round the copper atom 
concerns the chlorine atom. Most copper-chlorine bond lengths quoted in 
the literature refer to chloride ions, and these vary from 2.75 X 
(Lundberg, 1972) and 2.77 X (Jarvis, 1962) to 2.85 X (Freeman, 1967) and
2.96 1 in bis(biuret)copper(II) dichloride (Freeman et al, 1966). The 
first report of a structure determination for a trichlorophenolato 
copper(II) complex (Vogt et al, 1968) does not quote a value for the 
copper-chlorine distance, but Bullock et al (1974) calculated a value of
3.07 X for this distance from the data given by Vogt. This gives a value 
of T = 0.645, which indicates very little bonding between the copper and 
chlorine, and a basically tetragonal coordination about the copper. 
However, in this compound, there is a bidentate diamine ligand and this 
results in the two trichlorophenolato groups having a cis configuration.
In both CUTP and CUTI they have a trans configuration, and the resulting 
copper-chlorine distances are less (2.92 X and 2.85 X respectively), and 
these are similar to some of the distances quoted above between copper 
and chloride ions.
There is very close agreement between other bond lengths and angles 
in CUTP and CUTI. The angular distortion from octahedral symmetry is very 
similar in both cases: Cl-Cu-N angles are 88.8° and 88.2° and Cl-Cu-0 
angles 73.9° and 75.1° in CUTP and CUTI respectively and inspection of 
Table 1.16 shows other values in the two compounds. The Cu-O-C bond 
angles are larger (126.2° in CUTP, 129.5° in CUTI) than those found in 
2-methoxyphenolato complexes (118°, Bullock, 1974), presumably due to the 
greater size of the chlorine atom compared with that of the oxygen atom. 
Both compounds show similar distortions in the benzene ring, particularly 
the small angle (114.0° in CUTP, 113.9° in CUTI) at the carbon atom linked 
to the oxygen. Wong et al comment that this is probably attributable to 
the non-uniform thermal motion of the atoms in the ring.
Fig. 1.14 is a stereoscopic view of the molecular packing, viewed 
down the y axis, showing clearly the monomeric nature of the complex.
Fig 1*14. Stereoscopic view of molecular packing in CUTP showing
(a) molecules at four corners of unit cell
(b) molecules at all corners.
2. The crystallography of bis (2-methoxy-4-nitrophenolato)-
bis(y-picoline) copper(II)
2.1 Preliminary investigations
Crystals of bis (2-methoxy-4-nitrophenolato)bis (y-picoline) 
copper(II), CzeHzeCuNttOs, were supplied by Dr J I Bullock of the 
University of Surrey. They had been labelled CuN2 (y-Pic) 2, 
hereinafter referred to as CUNPIC.
The crystals were dark brown in colour, and were in the form of 
plates, as illustrated in Fig. 2.1. The crystals had been 
recrystallised from benzene, and were of such good quality that 
further recrystallisation was not necessary.
The crystals were first examined using a polarizing microscope, 
but owing to their strong absorption, neither extinction directions 
nor interference figures could be obtained.
Density measurement
The density of CUNPIC was measured by flotation in an aqueous 
solution of zinc bromide. The value obtained was
Dm = 1.42(2) g can'3
Unit-cell measurement
A well developed crystal was mounted with its long direction 
vertical and aligned by means of 15° oscillation photographs. The 
final photograph is shown in Fig. 2.2. The long axis was designated 
and measurements with a Bernal chart gave
Fig 2. • Crystal of CUNPIC showing directions 
of a,b and c.
Fig 2.2* 15 oscillation photograph of CUNPIC about
the long axis (Cu-filtered radiation).
c = 15.04 X
The crystal was transferred to a Weissenberg camera, and the hkO, 
hkl and hk2 Weissenberg photographs taken (Figs. 2.3, 2.4, 2.5). The 
crystal was then mounted with its second longest direction vertical; 
the process was repeated giving a = 10.6 S.
The small edge of the crystal did not correspond to the 
direction of the best choice of a third crystallographic axis, but, 
after a number of attempts, the crystal was successfully mounted with 
the third (b) axis vertical; the directions of the axes indicated 
that the crystal belonged to the triclinic system. The final 
oscillation photograph is given in Fig. 2.6. Bernal chart measurements 
gave a value for this dimension of b = 10.49 S.
Figs. 2.7 and 2.8 show the hOJL and hl£ Weissenberg photographs.
Measurement of the Weissenberg photographs led to the reciprocal 
cell dimensions; these, together with the direction cell dimensions 
obtained from them, are summarized below:
a* = 0.102 ft"' a = 10.61 X
b* = 0.112 n ”' b = 10.53 X
c* = 0.083 c = 15.18 X
a* = 57.6° a = 122.3°
8* = 68.4° B = 110.0°
Y* •■= 82.0° Y = 85.7°
Although the y value of this cell worked out at about 4 less 
than 90 , it was decided to use this cell for the structure 
determination. A reduced cell was calculated (International Tables 
for X-Ray Crystallography, Vol.-I) which gave the following unit-cell
Fig 2.3. hkO Weissenberg photograph of CUNPIC
(Cu-filtered radiation).
Fig 2.4. hk1 Weissenberg photograph of CUNPIC 
(Cu-filtered radiation).
Fig 2.5. hk2 Weissenberg photograph of CUNPIC
(Cu-filtered radiation).
Fig 2.6. 15° oscillation photograph of CUNPIC about
the b axis (Cu-filtered radiation).
Fig 2.7. hOl Weissenberg photograph of CUNPIC
(Cu-filtered radiation).
Fig 2.8. h1l Weissenberg photograph of CUNPIC 
(Cu-filtered radiation).
parameters:
a = 10.61 X
b = 10.53 X
c = 15.03 X
a = 118.2°
3 = 109.0°
Y = 94.3°
As can be seen, this gives a unit-cell with an identical base, 
but using the obtuse angle as origin. As the base is very nearly 
square, only small differences are produced in the other parameters, 
and the cell has an identical volume. The use of this cell therefore 
offers no advantage, other than that of convention.
Refinement of the unit-cell parameters
The crystal was next transferred to the Siemens four-circle
diffractometer. Setting angles were calculated, and the unit-cell
parameters refined by the methods described in Section 1.1. In the
case of CUNPIC, 26 reflections were chosen for scanning, giving 52
independent measurements (ai and a2) in all. A least-squares fit of
the 0 values, using the program LSCELL (Norment, 1963), gave the max
refined parameters and errors included in Table 2.1. Setting angles 
0, (j) and ifj were recalculated using the refined cell parameters.
Unit-cell contents
The number of formula-entities in the unit-cell, Z, calculated 
from the measured density and the refined unit cell parameters gave
Z = 1.97
TABLE 2.1 Crystal data for CUNPIC
Molecular formula
Formula weight
Crystal system
Space group
a
b
c
a
3
Y
Dm
Z
Dc
p(Cu Ka)
FCOOO)
C26H26CUN4O8 
586.04 a.m.u. 
Triclinic 
PI (assumed) 
10.537(1) X 
10.521(1) X 
15.377(2) X 
121.031(5)° 
110.958(5)° 
86.105(3)° 
1.42(2) g an-3 
2
1.442(0) g cm 3
18.2 cm 1 
606
1349.6(3) X3
Hence, to the nearest integer, Z = 2, and the calculated density,
Dc, is 1.442(0) g cm ; it is not significantly (3a) different from
EL.m
Linear absorption coefficient
The linear absorption coefficient for CUNPIC was determined, 
using the calculated density. The figure obtained was
y(Cu KJ = 18.2 cm-1
2.2 Data collection and processing 
Data collection
The 5-value method of intensity data collection, described in 
Section 1.2, was employed.
Data processing
Details of the method of data processing are given in Section 1.2. 
The intensities were corrected for Lorentz and polarization factors, 
and all | FQ | values put on a common relative scale. Cards punched for 
each reflection include J factor (observed/unobserved indicator), |Fq| 
and a|Fq|. The following summarises the data collected:
Number of observed reflections 3231
Number of unobserved reflections 1342
Criterion for unobserved reflections I/al < 2.58
Average cr(|F |), observed reflections 2.8%
Further treatment of data was carried out using the University 
of London CDC 7600 computer and the XRAY 72 system of programs. In 
view of the fairly low value for the linear absorption coefficient, 
no attempt was made to apply an absorption correction. The data was 
put on a file using a data reduction program.
A program for the calculation of normalized structure factors 
(see Section 2.6) also estimated values for both the |Fq| relative 
scale factor, K, and the overall temperature factor, B (Wilson, 1942; 
Karle and Karle, 1966; Maslen, 1968).. The values given, K = 0.195 
and B = 4.3 X, were used in the first stages of the analysis. The 
|E| statistics and distributions (Table 2.2) support strongly the
assumption that the space group is PI.
The atomic scattering factors included in the data file were 
those given by Cromer andWaber (1972) and those for hydrogen calculated, 
assuming a spherical approximation to a bonded atom, by Steward,
Davidson and Simpson (1965).
The first stage of the structure analysis involved the use of 
Patterson methods to locate the positions of the copper atom.
273 The Patterson function in CUNPIC
CUNPIC has two molecules in the unit cell, and each molecule 
has only one heavy atom, copper. The Patterson map would, therefore, 
be expected to show only one large non-origin peak in the asymmetric 
unit, corresponding to the copper-copper vector between the two 
molecules.
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Two Patterson maps were plotted for CUNPIC, the standard 
Patterson function, and a sharpened, origin-removed Patterson 
function using (|E|2 - 1) as coefficients. The unit cell axes were 
divided into thirtieths, and w and v plotted across and down the 
page, so that the largest angle, a, appeared in the plane of the 
paper. The sections from 0 to 15 thirtieths in u were plotted, 
giving half the unit cell, or one asymmetric unit. The vector density 
scale factor was 0.1 for the Patterson and 10.0 for the sharpened 
origin-removed Patterson. Each map showed one non-origin peak 
considerably greater than any other peak, on the section u = 0, at 
position 0,0, J. The sharpened origin-removed Patterson had a vector 
density of 41 at this peak, the highest peak elsewhere in the map 
being 8.
This therefore leaves two possibilities for the positions of 
the copper atoms. They may be situated on centres of symmetry, a 
not uncommon arrangement in this class of molecule where the copper 
atoms have a square-planar coordination to the ring nitrogens and 
the oxygens of the phenolato group, with the two oxygens of the 
methoxy groups at a greater distance thus completing a distorted 
octahedron. This would result in the presence of two centrosymmetric, 
unique molecules in the unit cell.
The other possibility is the presence of two molecules, not 
necessarily centrosymmetric, separated by a centre of symmetry and 
related by the space group symmetry. However, the first possibility 
was tried for a preliminary Fourier synthesis, one copper atom being 
placed on the unit-cell origin, and the other at 0,0,^.
2.4 Fourier refinement of CUNPIC
A Fourier synthesis was computed using the observed structure 
amplitudes and the phases from the copper atom positions quoted 
above. The grid was the same as that used for the Patterson function. 
An initial structure factor calculation based on these positions, and 
the B and K values given previously, gave an R value of 0.57 and an 
overall linear scaling ratio of 0.62. The comparatively poor agree­
ment was not unexpected in view of the comparatively small 
contributions from the heavy atom (less than 101 of F(000) compared 
with over 25V in CUTP which gave an R value of 0.36) and the absence 
of any contribution to F(hk£) with £ odd; so it was likely that the 
Fourier would contain a number of spurious peaks showing variable 
electron density.
A list of peaks from the Fourier map is given in Table 2.3.
This includes all peaks of height 30 or more on the given electron 
density scale, as this gave 39 peaks, apart from those due to the 
copper atoms, and there are 38 atoms other than hydrogen in the 
asymmetric unit. A model of these peaks was constructed using 
polystyrene balls on metal rods mounted on a cork base. Examination 
of this model did not give any indication of the expected molecule. 
Table 2.3 includes the designation of atoms as subsequently found, 
and this shows that only 21 of the peaks correspond to actual atom 
positions; hence, there were 18 spurious peaks in the model. Of 
these, 15 were later found to correspond to atoms a vector distance 
0,0,| away, the same as that between the two copper atoms. This 
effect is a manifestation of the one-dimensional centering injected 
into the phases by the arrangement of the copper atoms.
TABLE 2.3 Peaks on Fourier map from copper atom phases
Fractional coordinates
Peak
number
• x y
1 0.000 0.000
2 0.000 0.000
3 0.033 0.867
4 0.077 0.900
5 0.090 0.900
6 0.033 0.877
7 0.043 0.247
8 0.033 0.333
9 0.050 0.233
10 0.100 0.100
H 0.183 0.250
12 0.150 0.633
13 0.150 0.767
14 0.153 0.990
15 0.157 0.977
16 0.183 0.017
17 0.150 0.240
18 0.173 0.533
19 0.217 0.157
20 0.207 0.167
21 0.227 0.167
22 0.193 0.667
23 0.223 0.167
24 0.253 0.477
25 0.233 0.867
26 0.273 0.377
27 0.267 0.950
28 0.287 0.390
29 0.313 0.260
30 0.350 0.050
31 0.333 0.250
Peak height
[Electron density 
x 10]
0.000 533
0.500 533
0.867 44
0.073 60
0.573 51
0.360 55
0.710 30
0.777 37
0.220 32
0.573 33
0.703 53
0.607 31
0.517 31
0.447 43
0.943 48
0.183 39
0.190 50
0.147 34
0.130 42
0.630 45
0.740 43
0.043 32
0.240 33
0.913 32
0.933 36
0.313 35
0.750 35
0.830 35
0.373 36
0.367 35
0.853 31
Atom
Cul
Cu2
01
N4
06
C15
C16
C14
C23
C21
N2
Cl
02
05
C6 
Cl 8 
C8
C19
C5
C3
TABLE 2.3 (Cant)
32 0.367 0.600 0.510 33
33 0.373 0.950 0.860 30 CIO
34 0.360 0.967 0.367 35
35 0.433 0.783 0.447 52 04
36 0.393 0.183 0.903 31
37 0.500 0.583 0.450 43 08
38 0.450 0.633 0.993 33
39 0.500 0.413 0.056 50
40 0.500 0.720 0.483 37
41 0.500 0.267 0.010 33
In order to try to improve the model, atoms were loaded into the 
data file in positions corresponding to peaks on the Fourier map 
close to the copper atoms, in an attempt to elucidate the coordination 
of these atoms. As the nature of these atoms could not be determined 
from the model, they were all entered as carbon. Peaks 3 to 6 were 
used first, and a structure factor calculation based on these and the 
copper atoms gave an R value of 0.545 which represented some improve­
ment. From the model, peaks 14 and 15 could have represented atoms 
completing an approximately octahedral coordination; these were also 
included, but the new R value was 0.541, thus representing only a 
minimal improvement.
After this^atoms were included, again as carbon, in positions 
corresponding both to the greater peak heights on the Fourier map, 
and to sensible stereochemistry, in the hope that they corresponded 
to genuine atom positions. Peaks numbered, 37, 39, 11, 17, 19 and 20 
were included two at a time and a structure factor calculation 
carried out after inclusion of each pair. This resulted in R values 
of 0.514, 0.502 and 0.495 respectively. A second Fourier map was 
plotted based on the last three of these, but did not show much 
improvement on the original in defining the molecule, so another 
approach was attempted.
From an examination of this model, four peaks were rejected as 
being least likely atom sites, and the remaining peaks were included 
in the data file, making two copper and 35 carbon atoms in all. A 
structure factor calculation gave an R value of 0.39 and an overall 
linear scaling ratio of 0.91. As this showed a noticeable improvement, 
a third Fourier map was plotted; it gave a total of 37 peaks, other
than those for copper, with a height greater than 30. These peaks 
are listed as 1-37 in Table 2.4. A bond length and bond angle 
calculation was carried out using these positions, in order to 
facilitate construction and appraisal of the model.
It was then possible to construct a model, using symmetry 
relationships, but leaving out peaks which did not appear to fit the 
chemical pattern of the molecule. In this way, large parts of both 
molecules were found, as shown diagrammatically in Figs. 2.9 and 
2.10. The atom labels given on this basis are included in Table 2.4. 
One atom was missing from each of the phenoxo rings. A re­
examination of the Fourier revealed two peaks of heights 25 and 27, 
and so not previously included, in the expected positions, and they 
were inserted into the model. This re-examination also revealed a 
peak of height 37 overlooked previously, which could be labelled C25. 
These three peaks are included at the end of Table 2.4.
By this process, in addition to the two copper atoms, six of the 
eight oxygen atoms, three of the four nitrogens and 22 of the 26 
carbons had been identified. These were loaded into the data file, 
and a structure factor calculation based on phases from these atoms 
gave an R value of 0.33 and an overall linear scaling ratio of 0.89.
A fourth Fourier was calculated. It showed a total of 39 peaks, 
other than those of the copper atoms, of height 30 or greater on the 
same scale. These are listed in Table 2.5.
The main features of interest in the new Fourier are as follows. 
Only one peak (.23) does not represent a true atom position. This is 
at the point where C22 was inserted on the basis of the previous 
Fourier. The label C22 is now assigned to a new peak (19) not present
TABLE 2.4 Peaks on Fourier map plotted with R = 0.39
Pealc Fractional coordinates pegk height
number [Electron density
x y z "x 10]
Atom
- 0 0 0 521 Cul
- 0 0 0.5 519 Cu2
1 0.000 0.167 0.880 41
2 0.033 0.333 0.813 63 C16
3 0.033 0.867 0.360 72 06
4 0.047 0.723 0.633 55 C24
5 0.067 0.853 0.557 86 N4
6 0.040 0.883 0.877 34
7 0.050 0.247 0.727 33 C15
8 0.110 0.927 0.883 74 01
9 0.133 0.220 0.177 72 02
10 0.147 0.633 0.607 50
11 0.153 0.980 0.950 60 N2
12 0.160 0.760 0.023 41
13 0.187 0.267 0.727 89 C14
14 0.187 0.533 0.643 49
15 0.187 0.000 0.690 54 C21
16 0.227 0,153 0.133 44 C7
17 0.223 0.173 0.633 72 C6
18 0.200 0.173 0.633 62 05
19 0.213 0.667 0.047 41
20 0.227 0.913 0.717 45 C22
21 0.280 0.383 0.813 63 C19
22 0.250 0.480 0.907 44 Cl 8
23 0.227 0.880 0.940 31 C8
24 0.243 0.873 0.440 39 C20
25 0.317 0.253 0.330 64 C5
26 0.280 0.967 0.277 58 C2
27 0.333 0.853 0.890 61 C9
28 0.337 0.640 0.080 56
29 0.350 0.043 0.360 62 C3
30 0.377 0.189 0.400 52 C4
TABLE 2.4 (Cont)
31 0.360 0.957 0.867 64 CIO
32 0.427 0.780 0.440 70 04
33 0.447 0.627 0.977 65
34 0.493 0.417 0.553 67 03
35 0.473 0.933 0.817 35. C13
36 0.483 0.287 0.517 33 NI
37 0.500 0.340 0.983 40
- 0.210 0.017 0.200 25 Cl
- 0.123 0.450 0.917 27 Cl 7
- 0.027 0.823 0.590 37 C25
1.3
125 1120
C2(26)
C5
(25)
02(9)
07(16
84N2( 11 2.0
C13
(35) Cu1123
123
C8(23)
Fig. 2.9o Diagram of part of molecule 1 with bond lengths (i£)
and angles (°) from Fourier peaks (peak number in 
brackets).
C 16(2 ) 'C18 (22)
120C19
(2 1 )
120,
06(3)1 2 5
fiZJ,
Cu205(18.)
92C22
(20) 021(15)
Fig. 2.10. Diagram of part of molecule 2 with bond lengths 
(X) and bond angles (°) from Fourier peaks 
(peak numbers in brackets).
TTABLE 2.5 Peaks in Fourier map plotted with R = 0.33
Peak
number
Fractional coordinates Peak height
[Electron density 
x 10]
Atom
X y z
- 0 0 0 510 Cul
- 0 0 0.5 512 Cu2
1 0.027 0.823 0.590 64 C25
2 0.033 0.333 0.813 71 Cl 6
3 0.033 0.867 0.360 111 06
4 0.050 0.247 0.727 71 Cl 5
5 0.047 0.723 0.633 57 C24
6 0.067 0.853 0.557 80 N4
7 0.110 0.927 0.083 104 01
8 0.133 0.220 0.177 82 02
9 0.123 0.450 0.917 49 C17
10 0.157 0.767 0.523 47 C21
11 0.147 0.647 0.580 38 C23
12 0.153 0.980 0.950 81 N2
13 0.210 0.017 0.200 65 Cl
14 0.177 0.367 0.217 37 C7
15 0.200 0.173 0.633 78 05
16 0.187 0.267 0.727 72 C14
17 0.183 0.080 0.927 37 Cl 2
18 0.223 0.173 0.253 76 C6
19 0.200 0.667 0.547 36 C22
20 0.187 0.527 0.647 31 C26
21 0.250 0.480 0.907 58 C18
22 0.227 0.880 0.940 56 C8
23 0.233 0.917 0.723 33 -
24 0.280 0.967 0.277 66 C2
25 0.287 0.067 0.880 35 Cll
26 0.280 0.383 0.813 55 C19
27 0.317 0.253 0.333 66 C5
28 0.350 0.043 0.360 67 C3
29 0.347 0.157 0.627 30 C20
30 0.353 0.587 0.000 46 N3
TABLE 2.5 (Cont)
31 0.340 0.640 0.087 34 07
32 0.330 0.853 0.890 57 C9
33 0.360 0.957 0.867 63 CIO
34 0.377 0.193 0.400 57 C4
35 0.427 0.780 0.440 85 04
36 0.450 0.633 0.000 43 08
37 0.493 0.417 0.553 80 03
38 0.483 0.287 0.517 66 NI
39 0.473 0.933 0.817 57 Cl 3
in the previous Fourier. This new assignment enabled the remaining 
atoms in the y-picoline group of this molecule (C23 and C26) to be 
located readily, at positions corresponding to peaks 11 and 20.
The carbons of the methoxy groups in both molecules had been 
incorrectly placed. Peaks did not appear on the new list in the 
positions in which they had been placed, but two new peaks had 
appeared in positions which were not unreasonable for these atoms.
In the case of C7, the atom was still bonded to 02, but the bond was 
directed differently, but in the case of C20 it was found that it 
was not bonded to the atom designed 06, as previously thought, but 
to that designated 05. This meant that the nitro group was bonded 
to Cl8 and not Cl7 as previously thought. This information enabled 
the nitro group to be located.
Finally, atoms Cll and Cl2 were allocated to peaks which had 
not been present in the previous Fourier. Thus all atoms, other 
than hydrogen, had now been located, and a structure factor 
calculation based on these positions gave an R value of 0.248 and 
an overall linear scaling ratio of 0.95. These figures appeared to 
justify the commencement of a least-squares refinement at this 
stage.
2.5 Least-squares refinement of CUNPIC
Three cycles of full-matrix least-squares were performed on all 
the atomic parameters (hydrogen atoms omitted), starting from the 
overall isotropic temperature factor and refining in terms of 
individual anisotropic temperature factors; the scale factor was
also refined. The R value improved from 0.248 to 0.082 for 3231 
observed reflections. The overall linear scaling ratio was 1.025 
and the new scale factor 0.180.
A correction for anomalous scattering (dispersion) was included 
in the data file (see Section 1.6) for the copper atoms, using the 
values (Cromer and Libermann, 1970)
f! ft.
Cu -2.019 0.589
In the next stage of the refinement, a weighting scheme was 
applied to the reflections. After the least-squares calculation a 
weighting analysis was carried out in terms of ranges of ■ | F | .■ values, 
the results of which are included in Table 2.6, together with the 
average values of |F | and A|F| calculated from it (Stout and 
Jensen, 1968). A graph of <A> against c|F |> was plotted (Fig. 2.11) 
and, from figures taken from the smooth curve, a cubic least-squares 
fit obtained. This gave the equation:
A = 0.85177 + 0.017593|FQ| - 0.0000400|F |2
+ 0.000007165IF I3 1 o'
This gave coefficients for the weighting scheme
1
of a = 48.42, b = -0.00228, c = 0.000407.
These figures were included in the program to revise the weights 
for the least-squares program, and three cycles of full-matrix
TABLE 2.6 Weight analysis for CUNPIC (mil: weights)
Upper limit 
of
|FQ|-range
Sum If I 1 o'
Number of 
reflections
Sum
AF
<DtxO
ctf---
Average
AF
4.0 357.3 95 91.7 3.76 0.97
7.0 4611.5 839 728.5 5.50 0.87
10.0 5350.1 637 578.4 8.40 0.91
13.0 5001.2 438 446.2 11.42 1.02
15.0 3324.6 238 272.8 13.97 1.15
20.0 6098.8 352 417.9 17.33 1.19
30.0 8574.1 355 527.4 24.15 1.49
50.0 6774.7 182 333.9 37.22 1.83
150.0 6847.3 95 431.6 72.08 4.54
0 — r -  
10 20
— r~
30 ho 5b "65 75
< j p  J > - »
Pig 2.11. Plot Of < A >  against for CUNPIC.
least-squares were performed on all atomic parameters using the new 
weights. The R value remained constant during the first two cycles, 
having values of 0.097, 0.094 and 0.095 respectively, but improved 
to 0.086 on the last cycle. However, this had not produced the 
improvement hoped for, and the results of the weighting scheme 
(Table 2.7) did not show very good agreement in the higher ranges of
F0 •
An examination of the output of the least-squares refinement 
showed that some of the strongest reflections had a large difference 
between | Fq | and | Fc |. In all cases,: | FQ | was greater than | F |,. so 
the disagreement could not have been due to the absence of an 
absorption correction. Table 2.8 gives the values for these 
reflections. Discrepancies in [Fq| could not have arisen at the data 
collection stage, as the reflections were widely scattered, and a 
check of the original counts showed no abnormalities. In view of 
these discrepancies, it seemed advisable to check the placings of the 
copper atoms and investigate the possibility that they were not on 
special positions. This was done by means of direct methods.
2.6 Direct methods
The use of probable sign relationships in structure deteimination 
was first described by Harker and Kasper (1948) and later modified by 
Sayre (1952) and Hauptman and Karle (1953). During the intervening 
years, direct methods have undergone intensive development. This work 
has evolved the MULTAN 72 system of programs used for the solution of 
this structure (Main and Wolf son, 1972; updated to MULTAN 77, Main
TABLE 2.7 Weight analysis after application of weighting 
scheme
Number of Average Average
reflections |AF|2 w|AF| 2
4.0 163 0.99 0.019
7.0 898 0.82 0.015
10.0 628 1.08 0.019
13.0 434 1.32 0.022
15.0 217 1.94 0.030
20.0 339 2.60 0.037
30.0 316 3.56 0.045
50.0 162 6.61 0.056
150.0 74 232.11 0.349
Upper limit 
of
|FQ| range
TABLE 2.8 High intensity reflections showing a large 
disagreement between |Fq| and |Fc|
Reflection l^ cJ ^c^
0 1 0 88.7 65.9 1.06
I 1 0 82.4 66.6 0.80
3 0 3 104.8 78.3 1.00
4 0 4 111.5 86.5 0.87
0 3 3 80.7 58.9 1.12
0 2 1 101.7 78.1 0.92
0 2 2 124.2 80.3 1.33
12 3 102.7 78.2 0.94
I I 2 101.7 76.0 1.00
3 13 88.5 66.0 1.04
2 12 99.5 73.8 1.03
4 I 4 81.8 65.6 0.82
et al, 1977). The first stage is the calculation of normalized 
structure factors, |E|--values.
The normalized structure factor, E
When atoms are considered to have variable scattering factors 
dependent on the value of 0 (see Fig. 2.12), the structure factor 
F(hM) is given by
N
FQikJO = I fnexp27ri(hxn + kyn + £z ) 
n=l
where f is the scattering factor of the n ^  atom for the particular 
hk&, and xR, y , zn are its fractional coordinates. This results in 
small values of f for high theta values, so that, even though the 
geometrical part of the structure factor may be large, the value of 
F will be small. This may result in a loss of structural 
information. A transformation to form the equivalent point-atom 
structure, with the scattering factor constant (equal to Z, the 
number of electrons in the atom) for all values of 0 would not have 
this feature. A resultant structure factor associated with ideal 
point-atoms at rest is known as the normalized structure factor, E. 
For this transformation the structure factor must be multiplied by a 
factor which increases with 0, and so counteracts the fall-off of f. 
The factor used is
j=l
tf (ideal point-atom)
Z
f (real atom)
\ So.ii
A
fig 2.12 The form of the & vs. scattering factor curve.
where f. is considered to include the effects of thermal vibrations 
on the atom. Thus
|F(hU)|2K
| E (hk&) |2 = --------------------
N
e £ f.exp(-BA sin26)
where e is the average intensity multiple introduced to obtain the 
correct statistical weight for each reflection (Rogers, 1965);
K and B are the scale and temperature factors respectively.
E2 phase relationship
The next stage of the program sets up the E2 phase relationship
which is used later in the tangent formula.
Sayre (1952) showed that for a structure containing equal atoms, 
the sign of a reflection h, denoted by s(h), could be expressed in 
terms of the signs of algebraically related reflections h’ and h + h ’, 
where the origin, h, h' and h + h- form a parallelogram in reciprocal 
space. If the normalized structure factors of the reflections h, h*
and h + hi are large, the relationship
s(h. + h’) s s(h)*s(hT)
is probably true for a centrosymmetric structure. This can be 
rewritten (h! = -k, s(k) = s(-k)) as
s (h) • s (k) • s (h - k) ~ +1
where s = +1 or -1, corresponding to phase angles of 0° and 180° 
respectively.
Expressed in terms of normalized structure factors, each £2 
relation between h, k and h - k provides one estimate of the sign of 
the reflection h equal to the product of the signs of k and h - k.
The weight given to each indication is • | E-^. |.
The weighted sum of all indications is the form of E2 relation­
ship which gives the best indication of the sign of the reflection 
Ch) (Karle and Karle, 1965):
s CEjP * s i p ^ l ^ l s C E p . s C E ^ . j p ]
or
sCEjj) = s[^Ek'Eh-k1
The probable corrections for each single triple product relation can 
be found from
P+(h) z I + J t a n h l C l M - I V V V k l 1
i — 3 It. n
using 1/N2 as an approximation for a3o2 / ; a  = £ z .
n j j
With several indications for s (h), the probability associated 
with the E2 relation is
P+Qj) = I + itanh[(l/N^)*|Eh|^(E*Eh_/)]
—  k - - -
The tanh function has values between -1 and +1, so the probability 
function P+(h) must have a value between 0 and 1, and so a confidence 
limit for acceptance can be set. In using the program the limit was 
set for P+ greater than 0.990, so that incorrect signs were unlikely to 
be accepted.
In order to use the Z2 relation for sign determination, a 
starting point must be provided by the choice of some defined phases. 
In space group PI, there are eight equivalent centres of symmetry 
which may be chosen as origin, so signs for a number of structure 
factors may be chosen arbitrarily. When the origin is moved from 
one centre of symmetry to another, the signs of the structure factors 
change so that those in one parity group move together. A parity 
group describes a set of structure factors whose indices are odd Co) 
or even (e) in the same way.
If the origin is at a centre of symmetry, and the structure 
factors from each parity group are positive with respect to the 
origin, then
N
F C h M ) ^  = £ fjCOs2Tr(hXj + ky^ +
with the centre of symmetry at (i>0,0) as origin, then
N
fjCos27r(h(Xj-i) + ky^. + izp
or
F(hk£) - (-1) F(hk£)^g^
Hence, in the parity group oee, for example, all the structure factors 
will change sign. The eee parity group will not change sign under 
any change of origin, and their phases are called structure 
invariants. A linear ccmbination of three parity groups may also be 
a structure invariant:
oee + eoe + ooe = eee
In Pi three reflections may be chosen to fix the origin, and 
their signs arbitrarily specified as +. The best choice of origin 
involves three reflections of the correct parity groups having large 
| E | values and participating in a large number of triple product 
relationships among the selected data set: generally |E| values 
greater than 1.5 are chosen to form this set.
Convergence procedure
The next stage of the program is the convergence section to 
determine the origin uniquely. This also makes use of the £1 
relationship (Hauptman and Karle, 1953): this has the general form
s®2h2k2£J ~ s[lEhk£l2
A confidence limit for acceptance of Ei determined phases may be set 
in the same way as for E2 determination. The program then finds the 
best reflections to use for origin definition and looks for several 
other reflections which appear to provide a good starting point for 
phase determination.
A weight a is calculated for each reflection which denotes the 
usefulness of that reflection in terms of the number and strength of 
triple product relations. The convergence process discards the lowest 
weighted reflection and all the phase relationships in which it is 
involved. The a-values of the remaining reflections are then updated, 
and the process repeated. Thus the program converges on the group of 
reflections which have large numbers of strong triple product 
relationships, so providing a good start for the process of sign 
determination.
Other reflections are chosen for the starting set, given all 
possible combinations of + and - signs, and the complete set of 
phases determined for each combination. For each set of phases 
determined, three figures of merit are computed. They are used by 
the program to decide in which order to compute the E-maps. The 
absolute figure of merit, A, a measure of internal consistency 
among the E2 relationships, is related to the sum of the a-values 
for each reflection. Because the tangent formula tends to maximise 
the internal consistency of the phase relationships, values of A are 
often greater than unity, and one of these is usually the correct 
phase set, although in some complicated structures the correct set 
of phases has given figures as low as 0.7.
The next figure of merit, psi zero (P) (Cochran and Douglas,
1957) is essentially the right hand side of Sayre’s relation for 
small |EjJ , and so it should have a low value for a correct phase set. 
The third figure of merit, Res id (R) is an ordinary crystallographic
Clearly this should be a minimum for the correct set of phases.
A combined figure of merit, C, is also calculated, which is 
used to decide on the order of computed E-maps, as it has been found 
to be a more reliable indication of the correct set of phases than 
any of the other three figures separately. It is given by:
residual for the equations 
calculated from
where K is
K
This has a maximum value of 3, and is highest for the best set of 
phases.
Fourier procedure
The remaining programs in the MULTAN system calculate and 
interpret E-maps. These maps usually contain many spurious peaks 
(Stout and Jensen, 1968), so care is needed in their interpretation.
The E-map is not normally plotted, but passed on to the peak search 
program which looks for the highest peaks in the map and lists their 
coordinates in order of peak height. Normally, about 22% more peaks 
than the number of atoms to be located is listed. The program also 
looks for bonded sequences of peaks and sorts them into molecular 
fragments. For each fragment containing more than five peaks, the 
peaks are projected onto the least-squares plane, and their positions 
are plotted. Additional projections may be output if the program or 
the user decides it is desirable.
Direct methods and CUNPIC
The data for CUNPIC was examined by MULTAN, E-maps being requested 
for the three largest figures of merit. A maximum bond length of 
2.60 X was specified, and this resulted in only the first map being 
produced (1) • IT was found that any bond length much greater than the 
default figure in the program (1.95 X) results in an overloading of 
the program, and therefore a second run (II) was carried out using 
this default figure.
In the first run, one reflection was not accepted, but in the 
second run all 4573 reflections were accepted. The reflection 
missing from the first run was the (233) which had |Fq| =49.14 and 
|E| =0.38. Thus resulted in the following values:
I
Temperature coefficient (2B) 8.2546
Scale multiplier (K) 0.0427
The significance of the small differences will emerge later.
Fig. 2.13 gives the plot of the Wilson curve together with the 
least-squares straight line (as no atomic groups had been input into 
the program for calculation of ’molecular’ scattering factors, the 
Debye and Wilson curves coincide). Table 2.9 gives a selection from 
the | E | statistics given by the program.
In the convergence routine, the print-out stated "Multan has 
difficulty in finding good origin-defining reflections", indicating 
that not all the starting set reflections had been used during the 
determination of the first 25 unknown phases. This does not, 
however, preclude a correct solution of the structure from being 
obtained. The result of the convergence program was to obtain three 
origin-defining reflections and five other reflections for the 
starting set. These were given all possible combinations of + and - 
signs, and the complete set of phases determined for each combination. 
For each of the 32 sets the previously described figures of merit 
were calculated.
The two runs (I and II) produced different reflections for the 
starting set (Table 2.10), which meant that the sets of phases
II
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TABLE 2.9 E statistics for CUNPIC
Experimental Theoretical
Acentric Centric
<|E J > 0.817 0.886 0.798
<|E2|> 1.000 1.000 1.000
|E2 - 1| 0.925 0.736 0.968
|E2 - 1|3 6.757 2.415 8.691
%|E[ > 1.5 13.3 10.5 13.4
%)E| > 2.0 3.7 1.6 4.6
%|E| > 2.5 0.8 0.2 1.2
-LJ.^
TABLE 2.10 Convergence for CUNPIC
Origin defining reflections
Run I Run II
h k £ <!> h k £ 4>
8 1 8 0° 10 1 10 0°
3 5 8 0° 3 0 3 0°
3 0 3 0° 3 5 4 0°
Other reflections in starting set
Run I Run II
h k £ h k £
2 0 2 8 1 8
11 2 6 11 2 6
0 5 5 3 2 4
3 2 4 2 5 2
3 4 4 3 10 10
produced were also different in the two cases. Table 2.11 gives the
figures of merit for the two runs. The first run had four sets
with combined figures of merit of two or over, while the second had 
only two such sets. The differences in these tables and in the 
subsequent Fouriers show the sensitivity of the converge link in the 
program to the actual |E| magnitudes.
It will be seen that those sets with a high combined figure of 
merit also have high values for ipQ. \p is usually a powerful
discriminator against incorrect sets of phases and is very sensitive
to molecular positions. It is normally particularly significant 
when, as in the present structure, there is no translational symmetry.
However, in the present structure, values of ij; will be enhanced by
the heavy-atom positions at 0,0,0 and 0,0,^. The large contribution 
from the heavy atom will tend to produce the same sign for the 
algebraically related reflections, either both positive or both 
negative, and so this will result in a comparatively large value for 
\jQ, which thus becomes unreliable as a guide to correct sets of 
phases. It would therefore be not unreasonable to downgrade the
contribution of \jt to the combined figure of merit in this case.
However, even with equal contributions from the figures of merit, the 
large values of i{/ did not affect the final result.
The third largest figure for the second run, set 28 (to be 
referred to as lie) was therefore based on a comparatively low 
figure of merit (1.82). It led to the following coordinates for two 
large peaks (copper atoms):
x y z
1 0.578 0.618 0.844
2 0.420 0.378 0.651
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TABLE 2.11 F igures o f  m erit f o r  CUNPIC
S et
Run I Run I I
ABS. FOM PS1 ZERO RESID COMBINEDFOM ABS. FOM PS1 ZERO RESID
GOMBINEI
FOM
1 1.0720 630.4 17.12 2.0000 1.0719 630.7 17.13 2.0000
2 0.5488 254.9 39.77 0.9841 0.6271 298.7 37.28 1.2242
3 0.5608 315.9 38.87 0.8915 0.5272 247.1 40.63 1.0386
4 1.0459 416.8 20.60 2.3395 0.6982 283.0 33.87 1.5355
5 1.0701 396.6 17.26 2.5791 0.6476 330.1 36.23 1.2229
6 0.5456 265.0 40.41 0.9249 1.0457 417.0 20.60 2.3661
7 0.^430 319.4 39.65 0.8160 0.7107 303.8 33.07 1.5369
8 1.0474 382.1 20.28 2.4429 0.5216 294.7 39.80 0.9392
9 0.6453 263.5 36.34 1.2921 0.5948 290.1 41.02 1.0334
10 0.8356 324.5 31.52 1.7052 0.6713 254.5 35.51 1.4931
11 0.8675 545.6 28.20 1.3516 0.7286 373.5 35.11 1.3038
12 0.7209 312.5 33.81 1.4204 0.6527 337.9 39.01 1.0972
13 0.7959 323.8 30.80 1.6626 0.6748 330.3 36.71 1.2521
14 0.8437 330.7 31.05 1.7250 0.6064 253.9 40.02 1.1902
15 0.8656 352.9 28.24 1.8309 0.6392 270.8 39.16 1.2413
16 0.6213 274.5 37.43 1.1722 0.7214 277.9 37.23 1.4519
17 0.7106 315.1 33.29 1.4165 0.8038 305.6 30.39 1.8123
18 0.6832 252.9 36,14 1.3988 0.7526 336.4 34.49 1.4693
19 0.6889 255.1 34.76 1.4633 0.6561 319.2 36.36 1.2618
20 0.6984 283.4 33.94 1.4454 0.5935 311.3 41.25 0.9663
21 0.6900 295.6 35.00 1.3535 0.7576 432.5 34.36 1.2336
22 0.7166 282.4 34,34 1.4649 0.8138 381.8 29.42 1.6720
23 0.7193 3 6 4 .3 ' 33.83 1.2859 0.5758 310.4 40.63 0.9621
24 0.6929 233.3 34.66 1.5303 0.6273 250.0 36.29 1.3927
25 0.6515 264.4 37.71 1,2427 0.7844 331.1 33.29 1.5907
26 0.7679 296.4 34.66 1.5130 0.5644 293.9 41.33 0.9559
27 0.7850 328.3 33.38 1.5201 0.6306 263.6 37.44 1.3154
28 0.6452 294.7 39.93 1.0591 0.8427 318.0 31.24 1.8155
29 0.6491 294.2 38.00 1.1508 0.5902 250.6 38.42 1.2355
30 0.7713 . 295.8 33.56 1.5681 0.7673 294.6 34.58 1.6012
31 0.7842 333.1 33.60 1.4972 0.8683 545.9 28.05 1.3996
32 0.6353 289.7 38.53 1.1130 0.6112 247.1 38.07 1.2973
These figures are not consistent with the Patterson results for 
CUNPIC, or with the centrosymmetrie structure postulated and strongly 
supported by the normalized structure factor statistics, and so this 
set was rejected. The other three Fouriers plotted gave the 
following largest peaks:
Run Set Combined FOM Peak height X y z
I 5 2.5791 999 0 0 0
980 0 0 0.5
Ila 6 2.3661 3071 0.502 0.501 0.252
lib 1 2.0000 999 0 0 0
826 0 0 0.5
Thus Fouriers I and lib put the copper atoms on centres of symmetry, 
in the positions assumed in Section 2,4. As there are 39 atoms, 
other than hydrogen, in the asymmetric unit, the program would 
normally search for some 22% more peaks than this, or about 48. In 
fact, for runs I, Ila and lie 49 peaks were listed, but for run lib 
the total was 59. This is 501 more than the number of atoms, and 
the program automatically does this if two fragments containing at 
least five peaks each are found to be within 2.8 X of each other, as 
it assumes these are joined by a weak peak not yet found.
As the peaks in I and lib largely correspond, the latter Fourier 
will be considered here. Table 2.12 lists the coordinates and peak 
heights for this set and compares them with those obtained previously 
(Table 2,5), together with the atom labelling used on that occasion. 
The centrosymmetrically related atom coordinates are used where they 
correspond to the peaks from MULTAN. Of the 59 peaks, only two did 
not correspond in some way with those from the original Fourier.
TABLE 2.12 Peaks for Run lib in MULTAN for CUNPIC, together with 
peaks found previously
Peak
MULTAN TABLE 2.5
Height X y z Atom X y z
1 999 0 0 0 Cul 0 0 0
2 826 0 0 0.5 Cu2 0 0 0.5
3 279 0.845 0.031 0.562 N2* 0.847 0.020 0.050
4 261 0.179 0.023 0.177 Cl 0.210 0.017 0.200
5 261 0.060 0.224 0.209 C15* 0.050 0.247 0.727
6 260 0.964 0.127 0.127 06* 0.967 0.133 0.640
7 259 0.847 0.041 0.072 N2 0.847 0.020 0.050
8 247 0.213 0.159 0.123 05* 0.200 0.173 0.633
9 246 0.129 0.232 0.166 02 0.133 0.220 0.177
10 242 0.182 0.281 0.229 C14* 0.187 0.267 0.727
11 238 0.057 0.817 0.026 N4* 0.067 0.853 0.557
12 231 0.185 0.022 0.684 Cl* 0.210 0.017 0.200
13 230 0.364 0.036 0.358 C3 0.350 0.043 0.360
14 230 0.964 0.133 0.634 06 0.967 0.133 0.640
15 229 0.363 0.036 0.856 C3* 0.350 0.043 0.360
16 225 0.064 0.840 0.542 N4 0.067 0.853 0.557
17 222 0.057 0.232 0.717 C15 0.050 0.247 0.727
18 221 0.384 0.198 0.409 C4 0.377 0.193 0.400
19 220 0.215 0.168 0.628 05 0.200 0.173 0.633
20 213 0.244 0.471 0.910 Cl 8 0.250 0.480 0.907
21 210 0.096 0.926 0.587 01* 0.110 0.927 0.083
22 209 0.218 0.164 0.237 C6 - 0.223 0.173 0.253
23 205 0.092 0.921 0.081 01 0.110 0.927 0.083
24 202 0.383 0.199 0.910 C4* 0.377 0.193 0.400
25 202 0.137 0.226 0.669 02* 0.133 0.220 0.177
26 200 0.247 0.474 0.412 C18* 0.250 ' 0.480 0.907
27 200 0.314 0.247 0.346 C5 0.317 0.253 0.333
28 199 0.180 0.284 0.735 Cl 4 0.187 0.267 0.727
29 198 0.303 0.219 0.833 C5* 0.317 0.253 0.333
30 192 0.221 0.165 0.738 C6* 0.233 0.173 0.253
31 185 0.495 0.280 0.521 N1 0.483 0.287 0.517
Cont
TABLE 2.12 CCont)
32 183 0.006 0.835 0.106 C25* 0.027 0.823 0.590
33 177 0.904 0.898 0.909 - - - -
34 177 0.284 0.386 0.811 C19 0.280 0.383 0.813
35 176 0.761 0.127 0.560 C8* 0.773 0.120 0.060
36 175 0.488 0.280 0.016 Nl* 0.483 0.287 0.513
37 173 0.153 0.766 0.014 C21* 0.157 0.767 0.523
38 170 0.817 0.926 0.581 C12* 0.817 0.920 0.073
39 170 0.057 0.720 0.638 C24 0.047 0.723 0.633
40 169 0.358 0.596 0.514 N3* 0.353 0.587 0.000
41 168 0.276 0.976 0.763 C2* 0.280 0.967 0.277
42 166 0.573 0.222 0.569 04 0.573 0.220 0.560
43 163 0.287 0.382 0.310 C19* 0.280 0.383 0.813
44 161 0.004 0.830 0.598 C25 0.027 0.823 0.590
45 159 0.763 0.128 0.063 C8 0.773 0.120 0.060
46 159 0.508 0.421 0.562 03 0.493 0.417 0.553
47 158 0.278 0.971 0.265 C2 0.280 0.967 0.277
48 157 0.575 0.225 0.059 04* 0,573 0.220 0.560
49 156 0.053 0.718 0.136 C24* 0.047 0.723 0.633
50 156 0.669 0.146 0.104 C9 0.670 0.147 0.110
51 155 0.817 0.932 0.085 C12 0.817 0.920 0.073
52 153 0.496 0.435 0.063 03* 0.493 0.435 0.063
53 153 0.128 0.437 0.396 C17* 0.123 0.450 0.917
54 152 0.318 0.723 0.640 - - -
55 152 0.666 0.147 0.608 C9* 0.670 0.147 0.110
56 147 0.977 0.682 0.197 C16 0.977 0.667 0.187
57 146 0.023 0.322 0.306 C16* 0.033 0.333 0.813
58 145 0.352 0.588 0.008 N3 0.353 0.587 0.000
59 144 0.162 0.766 0.522 C21 0.157 0.767 0.523
*
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Fig 2# 14b Plot of peaks from MULTAN run Ila on plane orthogonal 
to least and most squares planes#
The others corresponded to the copper atoms, all four nitrogens, 
six of the eight oxygens and 18 of the 26 carbons; all but one of 
these atoms was represented twice, once in the position corresponding 
to the original, and once at a vector \z from this position (these 
are marked with an asterisk in the atom columns in Table 2.12). This 
duplication of peaks was doubtless the cause of the program requiring 
additional peaks to link the fragments, and, had the program plotted 
further peaks, it would be expected that the remaining atoms would 
have appeared. These ’echo* peaks, at a distance from the true 
position corresponding to the heavy atom vector, were also present 
in the initial stages of the original Fourier (Section 2.4). Apart 
from this the structure agrees very well with that determined in 
Section 2,4.
There remains to be considered set Ila. In this the copper atom 
is not on a special position, a centre of symmetry, but the two copper 
atoms are related across a centre of symmetry by a vector of 0,0,J. 
This is also consistent with the Patterson and corresponds to the 
other possible arrangement discussed in Section 2.3. Table 2.13 
lists the coordinates and peak heights for this run.
MULTAN printed two peak plots, one on the least-squares plane, 
and the other on the plane orthogonal to the least and most-squares 
planes. These plots are represented in Figs. 2.14(a) and (b) 
respectively. As can be seen, parts of a reasonable representation 
of the molecule can be clearly seen in both plots, and peaks on the 
figures have been joined to show what appears to be the phenolato 
rings and a suggested coordination about the copper. The y-picoline 
rings are not evident from these plots. It seemed from this
TABLE 2.13 Peak heights and coordinates for MULTAN Run Ila
for CUNPIC
Peak Height X y z
1 3071 0.502 0.501 0.252
2 1070 0.462 0.627 0.378
3 1038 0.341 0.533 0.314
4 999 0.635 0.729 0.420
5 982 0.368 0.276 0.087
6 954 0.656 0.462 0.182
7 950 0.682 0.525 0.431
8 926 0.539 0.369 0.118
9 916 0.116 0.306 0.840
10 893 0.717 0.662 0.377
11 874 0.559 0.325 0.285
12 867 0.445 0.274 0.038
13 863 1 0.881 0.699 0.656
14 846 0.562 0.728 0.463
15 830 0.212 0.111 0.934
16 829 0.187 0.259 0.907
17 828 0.134 0.466 0.893
18 805 0.008 0.225 0.744
19 800 0.809 0.750 0.594
20 792 0.252 0.026 0.838
21 769 0.597 0.428 0.339
22 766 0.721 0.669 0.488
23 740 0.859 0.540 0.607
24 734 0.402 0.583 0.168
25 708 0.271 0.333 0.006
26 707 0.746 0.972 0.658
27 704 0.287 0.330 0.123
28 702 0.317 0.483 0.072
29 697 0.497 0.666 0.149
30 695 0.146 0.907 0.739
31 695 0.442 0.663 0.212
32 673 0.998 0.076 0.690
Cont
TABLE 2.13 CCont)
33 666 0.520 0.818 0.554
34 652 0.995 0.940 0.813
35 645 0.766 0.474 0.508
36 638 0.994 0.784 0.770
37 623 0.788 0.878 0.556
38 622 0.264 0.626 0.310
39 621 0.356 0.743 0.246
40 617 0.667 0.281 0.292
41 614 0.221 0.529 0.986
42 614 0.928 0.279 0.688
43 602 0.404 0.396 0.167
44 592 0.685 0.574 0.166
45 592 0.445 0.783 0.615
46 571 0.187 0.777 0.608
47 569 0.735 0.370 0.187
48 567 0.293 0.833 0.195
49 564 0.314 0.420 0.330
reasonable to proceed with attempts at a Fourier refinement of this 
model, to see whether it would result in an improvement on the 
model used previously.
Fourier refinement
A Fourier synthesis was computed using the observed structure 
amplitudes, and the phases from the positions of the copper atoms 
and the atoms in the phenolato rings in positions indicated in the 
plot from set Ila of MULTAN, A structure factor calculation based 
on these positions gave an R value of 53% and an overall linear 
scaling ratio of 0.89. The R value was higher than would be expected 
were all the atoms correctly placed, and examination of the Fourier 
map did not reveal any further features which could be incorporated 
in the model. From a consideration of a model constructed from the 
MULTAN peaks, and the expected molecular geometry, a further seven 
atoms were added to the data file, but this resulted in an R value 
of 62%. It was therefore decided to start an attempt at refinement 
from the positions of the copper atoms only, as their results were 
fixed by the results from the Patterson function.
A structure factor calculation based on the copper atoms alone 
had an R value of 58% and an overall linear scaling ratio of 0.73.
The R value was similar to that (57%) obtained when the copper atoms 
were placed on centres of symmetry. By examination of the peaks in 
the Fourier map and the model constructed from these, atoms were 
added to the structure in the same way as described in Section 2.5. 
However, great difficulty was found in tracing the molecule, and 
the best R value obtained by this method was 46%.
The next attempt made was to put the atoms in positions 
corresponding to those obtained when the copper atoms were placed 
on a centre of symmetry, but moved by an appropriate translation for 
the new copper atom positions. This resulted in an R value of 36% 
and an overall linear scaling ratio of 1.08, which, though better 
than any obtained previously in the present refinement, was 
considerably worse than that obtained in the original refinement.
Three cycles of full-matrix least-squares were performed on all the 
atomic parameters, and, starting from the overall isotropic 
temperature factor, refining in terms of individual anisotropic 
temperature factors, the scale factor also being refined. The best 
R value obtained was 29% with an overall linear scaling ratio of 1.00; 
moreover, the temperature factors for several atoms were not positive 
definite. It therefore seemed that all the attempts to refine a 
structure based on the heavy atoms in general positions were proving 
unsatisfactory, and so the structure with the copper atoms on centres 
of symmetry must be the correct one.
2.7 Final refinement
A molecular geometry program was used to locate positions for 
the 14 hydrogen atoms in the asymmetric unit which are bonded to the 
ring carbons in the molecule. Trigonal coordination and a carbon to 
hydrogen bond length of 1.00 $ were assumed. Fig. 2.15 is a 
diagrammatic representation of half of the first molecule, that 
based on the origin of the unit cell, to illustrate the numbering of 
all atoms, including hydrogen. Corresponding atoms in the second 
molecule are labelled similarly, but with a dash added (1* etc).
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ig 2«13‘* Diagrammatic representation of half of molecule one, 
illustrating numbering of all atoms•
The fractional coordinates of the atoms obtained from the molecular 
geometry program are given in Table 2.14.
At the same time, a difference Fourier map was plotted. This
showed a number of peaks, the highest of which was 67 on an electron 
density (xlOO) scale; this was very close to one of the copper atoms,
and clearly not a genuine peak. Other peaks in the range 20 to 60
on the same scale could have been caused by the hydrogen atoms in 
the structure. Fourteen of these were close to those obtained from 
the molecular geometry program, and these peaks heights are included 
in Table 2.14.
The difference Fourier was then examined to see whether peaks 
in it could be assigned to hydrogen atoms in the methyl groups, 
which could not be determined uniquely by the molecular geometry 
program. The results are included in Table 2.15; it was possible, 
tentatively, to assign the remaining twelve hydrogen atoms to peaks 
in the difference Fourier map. The 26 hydrogen atom positions 
obtained were included in the data file.
Three cycles of full-matrix least squares were performed on all 
atomic parameters, except for those of the hydrogen atoms, which 
were held invariant. The hydrogen atoms were assigned isotropic 
temperature factors the same as those of the carbon atoms to which 
they were bonded. At the conclusion of these cycles , the R value had 
improved from 0.082 to 0.076 and the overall linear scaling ratio 
was 1.012. A bond length and angle calculation showed that there 
were no unexpected values.
The R value was not as good as that obtained for the other two 
structures described in this thesis, this being partly a reflection
TABLE 2.14 Fractional coordinates of hydrogen atoms from 
molecular geometry program, together with 
corresponding peak heights in the difference 
Fourier map
Atom
x
Fractional coordinates
y
Peak height on 
difference Fourier 
(electron density x 100)
HI 0.250 0.830 0.210 57
H2 0.420 0.990 0.400 55
H3 0.331 0.370 0.378 46
H4 0.213 0.799 0.953 42
H5 0.395 0.768 0.887 44
H6 0.300 0.143 0.860 41
H7 0.120 0.180 0.938 33
HI1 0.933 0.317 0.813 42
H2* 0.130 0.523 0.984 43
H3< 0.384 0.429 0.857 43
H4T 0.198 0.775 0.471 30
H5* 0.274 0.598 0.523 32
H6' 0.006 0.719 0.686 35
H7! 0.050 0.091 0.363 44
TABLE 2.15 Peaks in the difference Fourier map not included
in Table 2.14
Fractional coordinates Atom
X y z
(electron density x 100) to peak
0.150 0.447 0.277 34 H8
0.117 0.390 0.143 41 H9
0.277 0.400 0.230 34 H10
0.433 0.867 0.757 36 Hll
0.450 0.150 0.160 23 H12
0.483 0.993 0.993 34 H13
0.347 0.187 0.623 32 H8’
0.317 0.050 0.557 45 H9’
0.413 0.150 0.700 38 H10’
0.150 0.423 0.583 34 Hll’
0.257 0.483 0.617 36 H12’
0.200 0.567 0.713 27 H13’
of the problems of the high |F | values and the weighting scheme 
described previously. Also the average a(|FQ|) for the observed 
reflections at data collection (2.8%) was greater than those (1.5%) 
for the other two crystals. It was therefore decided to take this 
as the final structure. A full list of atomic coordinates for 
atoms other than hydrogen, together with estimated standard 
deviations, are given in Table 2.16,’and a similar list of theimal 
parameters in Table 2.17. The coordinates of the hydrogen atoms are 
included in Tables 2.14 and 2.15.
Observed and calculated structure factors are given in 
Appendix II.
2,8 The structure of CUNPIC
Tables 2,18 and 2.19 give the bond lengths and angles, other 
than those involving hydrogen, with their estimated standard 
deviations. Bond lengths and angles involving hydrogen are given 
in Table 2.20; estimated standard deviations are not included as the 
hydrogen atoms were held invariant during refinement. Corresponding 
values for the two molecules are shown side by side, and these show 
good agreement with each other. They also show reasonable agreement 
with accepted values for the types of bond, except for some of those 
in Table 2,20 involving hydrogen atoms whose positions were 
determined from the difference Fourier. This is not surprising as 
some of the peaks on the difference Fourier were very broad; moreover 
the e.s.d. *s of the carbon atoms in these isolated methyl groups are 
about twice those of the other atoms, thus increasing the uncertainty.
TABLE 2.16 Final atomic coordinates and e.s.d. for all atoms
of CUNPIC other than hydrogen
Atom X y z
Cul 0 0 0
Cul' 0 0 0.5
N1 0.4875(5) 0.2830(7) 0.5109(4)
N2 0.1534(5) 0.9791(5) 0.9439(4)
Nl' 0.3564(8) 0.5897(7) 0.0061(6)
N2' 0.0637(5) 0.8517(5) 0.5489(4)
01 0.1034(4) 0.9244(4) 0.0909(3)
02 0.1438(4) 0.2213(4) 0.1744(3)
03 0.4898(6) 0.4202(6) 0.5574(4)
04 0.4325(4) 0.7767(6) 0.4453(4)
01' 0.0361(4) 0.8717(4) 0.3683(3)
02' 0.2110(4) 0.1672(5) 0.6309(3)
03' 0.3436(7) 0.6377(8) 0.0937(6)
04' 0.4526(7) 0.6351(6) 0.9978(5)
Cl 0.1912(5) 0.0105(6) 0.1897(4)
C2 0.2656(6) 0.9515(7) 0.2538(5)
C3 0.3616(6) 0.0385(7) 0.3578(5)
C4 0.3851(6) 0.1911(7) 0.4018(5)
C5 0.3128(6) 0.2577(7) 0.3437(5)
C6 0.2195(6) 0.1698(6) 0.2402(5)
C7 0.1761(10) 0.3272(8) 0.2099(7)
C8 0.2316(6) 0.8709(7) 0.9329(5)
C9. 0.3370(6) 0.8546(8) 0.8959(5)
CIO 0.3633(7) 0.9543(9) 0.8682(5)
Cll 0.2843(7) 0.0678(8) 0.8826(6)
C12 0.1806(6) 0.0777(7) 0.9187(6)
C13 0.4776(8) 0.9355(11) 0.8256(6)
Cl' 0.0553(6) 0.2360(6) 0.7190(4)
C2' 0.0271(7) 0.3318(7) 0.8146(5)
C3' 0.1249(8) 0.4442(8) 0.9079(6)
C4' 0.2533(7) 0.4700(7) 0.9089(5)
CS' 0.2858(6) 0.3806(6) 0.8173(5)
Cont
TABLE 2.16 (Cont)
C6* 0.1887(6) 0.2666(6) 0.7258(4)
C7' 0.3495(7) 0.1654(10) 0.6392(6)
C8' 0.1588(6) 0.7642(7) 0.5178(5)
C9' 0.2017(7) 0.6608(7) 0.5465(6)
CIO' 0.1438(7) 0.6390(7) 0.6100(5)
Cll' 0.0485(7) 0.7282(7) 0.6393(5)
C12' 0.0105(6) 0.8314(6) 0.6087(5)
C13' 0.1872(9) 0.5265(8) 0.6430(7)
TABLE 2>17 Thermal parameters, ILj x 10lf, and e.s.d. for all
atoms of CUNPIC other than hydrogen
Atom Un U22 U33 Ul2 U13 U23
Oil 449C6) 587(7) 566(7) 47(5) 172(5) 355(6)
Cul' 480C6) 473(6) 580(7) 56(5) 215(5) 274(5)
N1 607 C32) 991(40) 604(31) - 38(29) 178(26) 459(31)
N2 532(26) 676(30) 596(28) 41(23) 226(22) 406(25)
Nl’ 908(50) 593(38) 774(46) 245(36) 82(39) 109(34)
N2' 499(26) 527(26) 608(28) 54(21) 203(22) 294(23)
01 533(21) 559(21) 576(22) 37(17) 182(17) 335(18)
02 693(26) 586(23) 689(25) 68(20) 117(21) 416(21)
03 1137(41) 946(36) 716(31) -220(31) 40(29) 412(28)
04 574(26) 1269(41) 763(30) 84(26) 118(22) 653(31)
01' 563(22) 524(21) 675(24) 73(18) 309(19) 301(19)
02' 477(21) 802(27) 571(23) 8(19) 246(18) 271(21)
03' 1259(55) 1487(61) 761(41) 391(47) 177(39) -184(40)
04' 961(43) 668(35) 1239(50) - 89(31) -119(38) 475(34)
Cl 416(27) 583(32) 559(31) 95(23) 245(24) 322(27)
C2 537(32) 646(35) 632(35) 150(27) 270(28) 415(31)
C3 510(32) 811(42) 639(37) 199(30) 293(29) 470(34)
C4 496(31) 752(40) 570(34) 61(28) 227(27) 376(31)
C-5 560(33) 615(35) 582(34) 68(27) 244(28) 318(30)
C6 516(31) 618(34) 596(34) 104(26) 234(27) 385(29)
C7 1319(72) 628(44) 1027(59) 22(45) 114(53) 548(45)
C8 580(35) 737(40) 760(40) 147(31) 278(31) 490(35)
C9 548(36) 836(44) 730(41) 135(32) 265(32) 385(36)
CIO 532(35) 1047(54) 574(37) -106(36) 151(29) 388(37)
Cll 670(41) 886(48) 801(45) - 29(37) 257(36) 531(41)
Cl 2 619(37) 719(40) 829(44) 71(30) 288(33) 488(36)
C13 681(45) 1469(76) 759(49) -132(47) 379(40) 383(51)
Cl' 577(32) 464(28) 541(31) 142(24) 240(26) 291(25)
C2' 729(41) 721(41) 696(41) 224(34) 398(35) 361(35)
C3' 903(49) 711(44) 612(40) 266(38) 314(37) 203(35)
C4' 784(43) 453(31) 589(37) 125(30) 49(32) 190(29)
Cont
TABLE 2.17 (Cont)
C5' 637(36) 486(31) 572(34) 47(27) 119(29) 278(28)
C6' 582(33) 542(31) 538(31) 118(26) 214(26) 320(27)
C7’ 580(38) 1358(68) 756(46) 160(41) 350(35) 513(48)
C8' 607(36) 694(38) 765(41) 197(30) 329(32) 445(34)
C9' 687(40) 657(39) 830(45) 208(32) 322(35) 367(36)
CIO' 805(43) 602(36) 654(38) 59(33) 172(34) 382(32)
Cll' 729(41) 643(37) 711(40) 76(32) 263(33) 401(33)
C12' 605(34) 565(33) 614(35) 73(27) 263(29) 311(29)
C13 1120(61) 603(40) 955(53) 178(40) 244(46) 482(40)
TABLE 2.18 Bond lengths and e.s.d.’s (X) for atoms
other than hydrogen in CUNPIC
Molecule 1 Molecule 2
Cul - N2 2.040C 6) 2.038( 6)
Cul - 01 1.927 ( 5) 1.933( 4)
Cul - 02 2.458C 3) 2.402( 3)
01 - Cl 1.294( 5) 1.291( 5)
Cl - C2 1.409Cll) 1.418(10)
C2 - C3 1.371( 7) 1.370( 8)
C3 - C4 1.382(10) 1.391(12)
C4 - C5 1.398(11) 1.386(10)
C5 - C6 1.357( 7) 1.365(6)
C6 - Cl 1.436( 9) 1.419( 9)
C6 - 02 1.372( 9) 1.384( 7)
02 - C7 1.413(10) 1.419( 9)
C4 - N1 1.446( 6) 1.444( 7)
N1 - 03 1.234( 8) 1.228(13)
N1 - 04 1.232(9) 1.222(13)
N2 - C8 1.332( 9) 1.358( 8)
C8 - C9 1.381(11) 1.367(13)
C9 - CIO 1.394(15) 1.433(14)
CIO - Cll 1.375(11) 1.361(10)
Cll - Cl2 1.368(13) 1.361(10)
C12 - N2 1.358(12) 1.339(11)
CIO - C13 1.523(13) 1.499(13)
TABLE 2,19 Bond angles and e.s.d.’s (deg) for atoms
other than hydrogen in CUNPIC
Molecule 1 Molecule 2
01 - Cul - N2 90.6(2) 90.2(2)
02 - Cul - N2 88.7(2) 89.8(2)
02 - Cul - 01 74.6(2) 75.1(2)
Cul - 01 - Cl 122.6(4) 121.6(4)
01 - Cl - C2 121.1(5) 121.4(6)
01 - Cl - C6 122.7(6) 122.8(5)
C2 - Cl - C6 116.1(4) 115.8(4)
Cl - C2 - C3 122.9(6) 121.4(7)
C2 - C3 - C4 118.3(7) 120.0(7)
C3 - C4 - C5 121.8(5) 121.0(5)
C4 - C5 - C6 119.2(6) 118.5(7)
C5 - C6 - Cl 121.6(7) 123.3(6)
C3 - C4 - N1 118.5(7) 120.6(7)
C5 - C4 - N1 119.7(6) 118.5(7)
C4 - N1 - 03 117.9(6) 117.4(9)
C4 - N1 - 04 119.7(6) 119.0(8)
03 - N1 - 04 122.4(5) 123.6(6)
Cl - C6 - 02 113.7(4) 113.1(4)
C5 - C6 - 02 124.7(6) 123.6(6)
C6 - 02 - C7 118.4(5) 116.5(4)
C6 - 02 - Cul 106.4(3) 107.3(3)
C7 - 02 - Cul 134.3(5) 134.6(3)
Cul - N2 - C8 121.5(6) 120.9(6)
Cul - N2 - Cl 2 120.6(4) 122.1(4)
C8 - N2 - Cl 2 117.9(7) 117.0(7)
N2 - C8 - C9 123.0(9) 122.7(9)
C8 - C9 - CIO 119.1C7) 120.0(7)
C9 - CIO - Cll 117.5(8) 115.7(8)
CIO - Cll - C12 120.7(10) 121.6(9)
Cll - C12 - N2 121.9(7) 123.1(6)
C9 - CIO - C13 119.5(8) 121.9(7)
Cll - CIO - C13 123.0(10) 122.4(9)
TABLE 2.20 Bond lengths (S) and angles (deg) for
hydrogen atoms in CUNPIC
Molecule 1 Molecule 2
C2 - HI 1.06 1.00
C3 H2 1.10 1.01
C5 - H3 1.01 1.00
C8 - H4 1.01 1.00
C9 - H5 1.03 1.01
Cll - H6 1.06 1.02
Cl 2 - H7 1.17 1.01
C7 - H8 1.05 1.16
C7 - H9 1.09 1.02
C7 - H10 1.01 1.03
C13 - Hll 0.87 0.98
C13 - HI 2 0.90 1.04
C13 - H13 0.93 0.78
Cl - C2 - HI 118.2 118.6
C3 - C2 - HI 118.6 120.0
C2 C3 - H2 118.8 125.8
C4 - C3 - H2 122.7 114.1
C4 - C5 - H3 120.3 127.6
C6 - C5 - H3 120.5 113.3
N2 - C8 - H4 118.0 118.7
C9 - C8 - H4 119.0 118.6
C8 - C9 - H5 121.1 120.8
CIO - C9 - H5 119.7 119.2
CIO - Cll - H6 119.1 118.7
Cl 2 - Cll - H6 120.1 119.8
Cll - Cl 2 - H7 120.4 124.4
N2 - Cl 2 - H7 117.4 112.1
02 - C7 - H8 112.4 89.5
02 - C7 - H9 108.6 113.7
02 - C7 - H10 111.8 118.6
H8 « C 7 - H9 107.2 108.1
H8 C7 - H10 108.6 112.1
Cont
TABLE 2.20 (Cont)
H9 - C7 - H10 108.1 103.6
CIO - C13 - Hll 99.0 113.5
CIO - C13 - HI2 107.3 106.9
CIO - C13 - H13 118.2 109.3
Hll - C13 - H12 116.3 72.7
Hll - C13 - H13 114.6 117.2
HI2 - C13 - H13 100.8 137.0
The copper shows the expected distorted octahedral coordination, 
the copper nitrogen and shorter copper oxygen bonds having lengths 
similar to those in CUTP. The longer copper-oxygen bonds are, as 
expected, shorter than the copper-chlorine bonds in CUTP (2.9 X), 
though the values in the two molecules are slightly different (2.46 
and 2.40 X). As predicted from the reflectance spectra (see 
Introduction) these values are somewhat greater than that of 2.37 X 
found for bis (4-formyl-2-methoxyphenolato) bis (pyridine) copper (I I) 
monohydrate. The values of T for the two molecules of CUNPIC are 
0.807 and 0.827 respectively, these values, as expected, still falling 
in the range expected for a compound in Class II (see Introduction). 
Thus the crystallographic results for this compound confirm the 
prediction made from the reflectance spectra.
The angles subtended at the copper atom are similar to those in 
CUTP and to those in other similar compounds (Hobson, 1973), and the 
other bond lengths and angles are also in agreement with those found 
for compounds of this type.
Table 2.21 gives the equations of some least-squares planes and 
the deviation from the plane of the atoms forming the plane.
The structures of two related compounds have been determined 
(Bullock et al, 1974). One was the chemically related complex with 
pyridine replacing the y-picoline group (CUNP) and the other 
bis (4-formyl-2-methoxyphenolato) bis (pyridine) copper (II) monohydrate 
(CUVP, H20). Although CUNP was in its molecular structure very 
similar to CUNPIC, its crystal structure was very different, being 
orthorhombic, space group Pbca with copper atoms on general positions. 
Thus one molecule was refined, and some significant differences were
TABLE 2.21 Some mean planes expressed in the form Px + Qy + Rz = S, 
where x, y and z are fractional coordinates in direct 
space. <5 is the mean deviation from the plane of the 
atoms defining the plane.
PLANE Ci) PLANE (2)
Molecule 1 Molecule 2 Molecule 1 Molecule 2
P - 9.7646 1.7386 3.3433 4.8515
Q - 1.4745 - 9.6713 1.4037 3.4181
R 10.1711 10.0685 8.8971 5.4595
S - 1.4222 5.0510 10.2914 6.2151
Atoms 
defining 
Plane (1)
Deviations (6) 
from the plane
Atoms 
defining 
Plane (2)
Deviations (6) 
from the plane
Molecule 1 Molecule 2 Molecule 1 Molecule 2
Cl - 0.005 0.007 N2 - 0.006 0.002
C2 0.007 0.002 C8 0.004 - 0.006
C3 - 0.001 - 0.011 C9 0.006 0.006
C4 - 0.008 0.011 CIO - 0.013 - 0.003
C5 0.009 - 0.003 Cll 0.011 - 0.000
C6 - 0.003 - 0.006 Cl 2 - 0.001 0.001
5 0.006 0.007 0.008 0.004
found in the two halves of the molecule. On the other hand,
CUVP, H20, was similar to CUNPIC in its crystal structure, being 
triclinic, PI, with two molecules in the unit cell and the copper 
atoms on centres of symmetry.
Some relevant comparable bond lengths in the three compounds 
are listed in Table 2.22. As can be seen, the values are in general 
agreement. Those in CUNP have wider ranges; the final R value for 
this structure was 0.11 and the estimated standard deviations were 
greater than those for the other two compounds: for bond lengths it 
was 0.02-0.04 A (CUNPIC 0.003-0.015 A, CUVP, H20 0.06-0.016 A) , and 
for bond angles 1-3° (CUNPIC 0.2-1.0°, CUVP, H20 0.5-1.2°).
Fig. 2.16 shows stereoscopic views of the two moleculesrof 
CUNPIC and Fig. 2.17 illustrates the molecular packing, clearly 
showing the different orientations of the two molecules.
TABLE 2.22 Some bond lengths (X) and angle (°) ranges in CUNPIC
compared with those in CUNP and CUVP,H20
CUNPIC CUNP CUVP,H20
Cu-N 2.04 2.05; 2.08 2.05; 2.08
Cu-01 1.93 1.93;: 1.95 1.94; 1.95
Cu-02 2.40; 2.46 2.46; 2.58 2.33; 2.42
01-C 1.29 1.30; 1.36 1.33; 1.35
02-C 1.37; 1.38 1.36; 1.39 1.38; 1.39
C-C (phenolato) 1.37T1.44 1.37-1.47 1.38-1.43
C-N (pyridine) 1.33-1.36 1.32-1.42 1.34-1.36
C-C (pyridine) 1.36-1.43 1.27-1.46 1.38-1.42
C-N (nitro) 1.44; 1.45 1.44; 1.52 -
N-0 (nitro) 1.22-1.23 1.12-1.30 -
01-Cu-N 90-91 91-92 91
02-Cu-N 89-90 88-90 89-90
Ol-Cu-02 75 71-73 75-77
Cu-01-C 122-123 117-118 117-118
Cu-02-C 106-107 101-106 103-107
Phenolato ring 116-123 111-127 116-124
Pyridine ring 116-123 114-126 118-123
O-N-O (nitro) 122-124 121-127 -
Fig. 2*16. Stereoscopic views of the two molecules 
CUNPIC.
Fig, 2,
/
17* Stereoscopic view to siiow tJtie molecular packing 
in CUjniPIC •
PART B
Crystallographic studies of bis(N,N’-dibenzylethylenediamine) - 
copper(II) dibromide
INTRODUCTION
\
Although much is known about the coordinating properties of 
ethylenediamine and N-alkylethylenediamines, little work has been done 
on complexes using N-aralkylethylenediamines. A number of copper(II) 
complexes with dibenzylethylenediamine (DBEn) has been studied by 
Larkworthy and Patel (1970) and Patel and Goldberg (1972).
Among the halides prepared was a dibromide Cu(DBEn) 2Br2, 
Cs^qB^CuNi*, which was obtained from aqueous solution and re­
crystallized from ethanol. Its reflectance spectrum differed from 
those of the other halides, and was characterized by a very broad band 
centred at 12600 cm”1. At liquid niti&gen temperatures this band 
simply shifted, without showing any resolution, there being no sign of 
the shoulder characteristic of other compounds. It has been suggested 
by Ciampolini and Speroni (1966) that Cu^NjN’-trimethyl En)2Br2 ,
CioH2 8Br2CuNif, is five-coordinate on the basis of the similarity of 
its spectrum to that of the five-coordinate [Cu dienMeBrJBr, and the 
diffuse reflectance spectrum in Cu(DBEn)2Br2 suggests that it may be 
five-coordinate in the solid.
A series of complexes containing the oxo-anions has also been 
prepared. One of these, the perchlorate derivative of the dibromide, 
Cu(DBEn) 2BrC&04 , has a strong broad infra-red band near 1100 cm 1, 
which is characteristic of an ionic perchlorate. It has, however, a 
different reflectance spectrum from that of the dibromide. The 
reflectance spectra of these compounds are described in Table 3.1 and 
Fig. 3.1, and compared with those for some other compounds which are 
more typical of the group. Fig. 3.1 shows clearly the very broad 
spectra with no resolved shoulders for these compounds, compared with
TABLE 3.1 Reflectance spectra at room and liquid nitrogen 
temperatures of some Cu(II) DBEn complexes
Compound
Reflectance spectra, (cm-1)
Room
temperature
Liquid nitrogen 
temperature
Cu(DBEn) 2Br2 12,600 vb 13,200 vb
Cu(DBEn)2Br(C£04) 17,000 vb 17,000 vb
-15,000 vw,sh -15,000 vw,sh
Cu(DBEn) 2C&2 14,000 - ; 14,700
9,500 sh 11,000 sh
Cu(DBEn)2I2 28,600 sh 28,400 sh
14,300 15,000
10,600 sh 11,400 sh
Cu(DBEn)2 (NO 3)2 28,600 sh 28,700 sh
16,300 17,400
11,500 sh 12,800 b
vb very broad 
b broad 
vw very weak 
sh shoulder
Absorbance/
Arbitrary
units
0.9“
21 19 17 15 13 911
10-3 -o / cm - 1
A CuDBEn^Br^ at liquid nitrogen temperature 
B CuDBEn^Br^ at room temperature
C CuDBEn^BrClO^ at room temperature (no change at liquid
Absorbance/
Arbitrary
units
nitrogen temperature)
0.3-
915 1117 1321 19
A CuDBEn2Cl2
10"3 / cm” ^
B CuDBEn2I2 C CuDBEn2 (NO^)2
All at liquid nitrogen temperature 
Fig 3*1* Diffuse reflectance spectra of some copper 
dibenzylethylenediamine complexes.
the clearly visible shoulders for the compounds in the lower graph.
As the reflectance spectrum of a complex is related to the energy 
levels of the cation, the differences between Cu(DBEn)2Br2 and 
Cu(DBEn) 2Br(CJl0i() could not be due to the change in the anion. It 
therefore seems that the two complexes must have different cationic 
structures. On the basis of the spectral studies both complexes were 
assigned five-coordinate structures, with the cation existing in 
isomeric forms. On the basis of comparisons with the spectra of other 
complexes whose structures had been determined by X-ray analysis 
[Cu(DBEn) 2BrJG£0it was assigned a square-pyramidal structure, and 
[Cu(DBEn)2Br]Br a trigonal-bipyramidal one.
The object of the present work was to undertake a single-crystal 
structure analysis of the dibromide to confirm, or otherwise, the 
cationic structure predicted from the spectroscopic investigations.
3. The crystallography of bis(N,N' -dibenzylethylenediamine) -
copper(II) dibromide
3.1 Preliminary investigations
Only one crystal of material was available. This was thought to 
be dibromide, but as it was unlabelled it could possibly have been the 
perchlorate. After data collection, the crystal was analysed by 
scanning electron microscopy, which failed to disclose the presence of 
any chlorine, and so it was assumed to be the dibromide. This was 
confirmed in the subsequent treatment of the data. This compound will 
be referred to as CUBE.
The crystal was cut into four pieces, one of which was used for 
data collection. One of the cut crystals was subsequently lost.
The crystal was deep blue in colour, and, due to its strong 
absorption, little information could be obtained from optical 
investigations.
Density measurement
Only three cut crystals (including the one used in data 
collection) were available for both analysis and density determination, 
and so it was difficult to obtain an accurate figure for the density. 
The flotation method was used and, as the crystal was inappreciably 
soluble in aqueous solution at room temperature, a solution of zinc 
bromide was used. This was diluted until the crystal just began to 
sink, and its density determined by pycnometer. This gave a value
Dm = 1.41 (.4) g on'3
Unit-cell measurement
One of the cut crystals was mounted with what appeared to be one 
of the crystallographic axes vertical, and aligned by means of 15° 
oscillation photographs. The final photograph is given in Fig. 3.2. 
This axis was designated a, and measurement with a Bernal chart gave
a = 12.75 1
A series of Laue and precession photographs with the beam 
perpendicular to a eventually revealed an axis of 2-fold symmetry, the 
b-axis in the monoclinic system. A precession photograph with the 
beam parallel to the 2-fold axis is shown in Fig. 3.3. From this 
photograph a was identified and c and 3 measured giving
a = 12.82 A 
c = 12.60 X 
B = 108.2°
The crystal was transferred to the Weissenberg camera and the 0k£ 
and lk£ Weissenberg photographs taken (Figs. 3.4 and 3.5). This gave
b = 20.83 1
The b and c axes were 90° apart.
The crystal system has been found to be monoclinic, conditions 
limiting reflections being:
h0£ £ = 2n
OkO k = 2n
(00£) £ = 2n
The space group is therefore P2i/c.
Fig 3«2. 15° oscillation photograph of CUBE about
the a axis (Cu-filtered radiation).
Fig 3*3* h01 precession photograph of CUBE
(Cu-filtered radiation).
Fig 3.^. Okl Weissenberg photograph of CUBE 
(Cu-filtered radiation).
Fig 3.5. 1kl Weissenberg photograph of CUBE 
(Cu-filtered radiation).
Refinement of the unit-cell parameters
The crystal was then transferred to the Siemens four-circle 
diffractometer. Setting angles were calculated and the unit cell para­
meters refined by the methods described in Section 1.1. In the case of 
CUBE, twenty-one reflections with 0 values between 41° and 57° were 
chosen for scanning by the differential measurement method, and the 
positions of the peaks obtained. On four reflections the a2 peaks
could not be resolved, and so 38 independent measurements were obtained.
A least squares fit of the 6 values using the program LSCELL (Norment, 
1963) gave refined parameters precise to 1 in 12,000, included in 
Table 3.2. Setting angles 0, 4 and 4 were re-calculated using these 
parameters.
Unit-cell contents
Using the refined unit cell parameters and the observed density, 
the value obtained for the number of formula units per unit cell was
Z = 3.93
Thus there are four formula units in the cell. Using Z = 4, its 
calculated density is obtained:
Dc = 1.4341(2) g cm-3
Linear absorption coefficient
Using the equation described for CUTP, the value of the linear 
absorption coefficient, u, for CUBE for Cu Kot radiation was obtained:
^(Cu fix) = 43<62 cm"1
TABLE 3.2 Crystal data for CUBE
Molecular formula CszLhoBraCuNi*
Formula weight 703.04 a.m.u.
Crystal system Monoclinic
Space group P2i/c
a 12.8720(10) X
b 21.0740(17) X
c 12.6331(10) X
6 108.19(7)°
Dm 1.41(4) g on-3
Z 4
D, 1.4341(2) g cm-3
)j(Cu Ka) 43.62 cm-1
F(000) 1296
V 3255.4(4) X3
3.2 Data collecting and processing
The 5-value method of intensity collection, described in 
Section 1.2, was used for data .collection. Details of the method of 
data processing are given in Section 1.2. The intensities were 
corrected for Lorentz and polarization factors, but an absorption 
correction was not applied. All |Fq| values were put on a common 
scale, and cards punched for each reflection include J factor 
(observed/unobserved indicator), |Fq| anda|Fo|.
The following summarises the data collected:
Number of observed reflections 5,248
Number of unobserved reflections 673
Criterion for unobserved reflections I/al < 2.58
Average a|FQ|, observed reflections 2.3%
Further treatment of the data was carried out using the University 
of London CDC 7600 computer and the XRAY 72 system of programs. The 
data were put on a file using a data reduction program.
A program for the calculation of normalized structure factors 
also estimated values for the |Fq| relative scale factor, K, and the 
overall temperature factor B (Wilson, 1942; Karle and Karle, 1966; 
Maslen, 1968). The values given, K = 0.269 and B = 3.5 X2 were used 
in the first stages of the data treatment. The |E| statistics and 
distributions (Table 3.3) confirmed the centrosymmetric structure.
The atomic scattering factors included in the data file were those 
given by Freeman and Watson (1961) for copper and bromine, and those 
given by Hobson and iters (1954) for carbon, nitrogen and oxygen.
TABLE 3.3 |E| statistics and distribution for CUBE
Theoretical Experimental
Centric Acentric
|Ei|
linear
isotropic
-|e 2|
K-
curve
|e 3|
Aniso­
tropic Ei
IB-1
Aniso­
tropic I
<fE|> 0.798 0.886 0.794 0.796 0.804 0.812
<|E|2> 1.000 1.000 1.000 1.000 1.000 1.000
<|e |2-i |> 0.968 0.736 0.964 0.962 0.949 0.947
<|e |2-i |2> 2.000 1.000 4.776 4.024 2.764 2.510
%|E| > 3.0 0.27 0.01 0.25 0.25 0.18 0,18
%|E| > 2.5 1.24 0.19 0.78 0.87 0.76 0.82
%|E| > 2.0 4.55 1.83 3.48 3.67 3.75 3.70
%|E| > 1.8 7.19 3.92 5.98 6.10 6.27 6.28
%|E| > 1.6 10.96 7.73 10.09 10.23 10.47 10.62
%|E[ > 1.4 16.15 14.09 15.73 15.85 16.29 16.38
%|E| > 1.2 23.01 23.69 22.66 22.69 23.41 23.18
%|E| > 1.0 31.73 36.79 31.64 32.05 32.29 32.29
The first stage of the structure analysis involved the use of 
Patterson methods to locate the positions of the heavy atoms.
3.3 The Patterson function in CUBE
CUBE has the space group P2i/c with four molecules per unit cell. 
All atoms are therefore in general positions which have the coordinates 
x,y,z; x,y,z; x,|+y,^-z; x,^-y,|+z. Hence vectors between
equivalent atoms in different molecules will be represented as peaks 
in the Patterson map corresponding to distances:
(a) ± 2x 2y 2z
(b) ± 2x 12 i-2z
(c) ± 0 5-2y 12
Peaks of the type (a) will have single weights, while those 
corresponding to (b) and (c) will have double weight. There should be 
six large peaks for each of these values, representing vectors in both 
directions between symmetry related copper atoms and bromine atoms in 
the cation and bromide anions respectively (assuming that the copper 
is five coordinate as proposed). The bromine-bromine peaks would be 
larger than the copper-copper peaks.
Two Patterson maps were plotted for CUBE, the standard Patterson 
function, and a sharpened origin removed Patterson function using 
(|E|2-1) coefficients, u and w were divided into thirtieths and 
plotted across and down the page, so that the angle 3 appeared in the 
plane of the paper. The sections were plotted at intervals of 
sixtieths of v (b being the longest axis) from 0 to 30 sixtieths 
giving half the unit cell, or two asymmetric units. The vector density
scale factor was 0.1 for the Patterson and 10.0 for the sharpened 
origin-removed Patterson. The important peaks are listed in Table 3.4, 
with their positions in Patterson space and peak heights on the two 
maps. The values of u in the table are not those read directly from 
the map, but corrected to the true cell value by allowing for the 
movement of the z axis down the page due to the angle of 3. This 
involves the addition of approximately 0.011 to the grid value for 
every thirtieth in the value for w.
First the Harker sections of the maps corresponding to vectors 
u,|,w were examined (Fig. 3.6) for peaks of type b. There are seven 
large peaks on this section of the Patterson, but one (9) at position 
is really part of a peak two sections below of type c. This peak 
was comparatively minor in the sharpened origin-removed Patterson, as 
the sharpening effect had lowered it considerably in this section. The 
remaining six peaks (1-6) are in symmetry related pairs, and it was 
assumed that these corresponded to the vectors of type b above for the 
heavy atoms.
Next the Harker line corresponding to 0,v,^ was examined; that is 
the position on each section at grid points u = 25 thirtieths, 
w = 15 thirtieths - the value of 25 for u being due to the slope of 
the Z axis caused by the angle 3. Three large peaks (7,8 and 9) were 
observed (Fig* 3.7) and these would correspond to vectors of type c.
The other three peaks would occur in the v sections between 31 and 60 
thirtieths not plotted. Other relevant Harker sections are shown in 
Figs. 3,8 to 3.11.
Four other large peaks were of interest on first examination of 
the sections, these being those labelled 10, 11, 12 and 13, all of
TABLE 5.4 . Some peaks from the Patterson maps
Peak Position Vector density at peak
jmber
u V w Patterson Cx 0.1)
Sharpened 
(x 10)
1 0.89 0.50 0.09 250 109
2 0.10 0.50 0.91 246 106
3 0.88 0.50 0.60 223 97
4 0.12 0.50 0.40 213 90
5 0.50 0.50 0.57 191 91
6 0.48 0.50 0.42 186 85
7 0.00 0.30 0.50 241 113
8 0.00 0.40 0.50 202 85
9 0.00 0.47 0.50 258 92
10 0.82 0.05 0.00 175 88
11 0.18 0.05 0.00 167 83
12 0.29 0.03 0.24 194 89
13 0.70 0.03 0.76 189 84
14 0.10 0.03 0.40 145 47
15 0.91 0.03 0.60 143 46
16 0.49 0.10 0.07 129 54
17 0.49 0.10 0.93 127 54
18 0.88 0.20 0.10 157 53
19 0.12 0.20 0.90 154 53
20 0.49 0.08 0.25 226 85
21 0.50 0.08 0.75 236 94
5C
Fig 3*6. Part of Patterson Section, v = 30 60ths#
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ig 3*7. Plot of Harker line 0,v ,-J- showing three large peaks.
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Fig 3*10. Part of Patterson Section v = 6 60ths#
Fig 3*11* Part of Patterson Section v = 12 60ths.
which are close to the origin and so represent relatively short 
vectors. Ten and 11 are symmetry related, and at a distance of 
approximately 2.5 X from the origin. This is consistent with a 
copper-bromi&e bond in the cation, and so is further evidence for the 
copper being five coordinate. Peaks 12 and 13 are also symmetry 
related and at a distance of about 4 X from the origin. This is long 
for a bond, but could possibly represent a vector from the bromide 
ion to the copper in the cation.
In order to relate the individual peaks of type b with those of 
type c, it was necessary to find peaks of type a, corresponding to 
vectors ± 2x,2y,2z. From the positions of peaks 7, 8 and 9, the 
values of 2y expected were 0.03, 0.1 and 0.2 respectively, and these 
correspond to sections of v at 2, 6 and 12 sixtieths approximately.
A search of these sections, bearing in mind the values of u and w 
expected from peaks 1 to 6 revealed six peaks (14-19) in appropriate 
positions. As expected, these had weights approximately half of those 
from 1 to 9.
From these peaks approximate values of the positions of the heavy 
atoms were obtained. The peaks 5 and 6, 8, 16 and 17 were generally 
appreciably smaller than the others, and so these were assigned to 
copper-copper vectors. These gave a set of heavy atom positions which 
were checked with the copper-bromine vectors already mentioned and 
then had the following values:
x y z
Cu 0.245 0.048 0.458
Brl 0.550 0.017 0.705
Br2 0.055 0.096 0.450
These assignments give a vector between Cu and Br2 of 0.19u,
0.048v and O.OOSw. This is in reasonable agreement with the position 
of peak 11 in the Patterson map (0.18u, 0.05v and O.Ow) which gave a 
value of 2.5 X for the copper-bromine bond. The vector between Cu and 
Brl is 0.305u, 0.031v and 0.247w, which again is in reasonable 
agreement with the position of peak 12 (0.29u, 0.03v and 0.24w) which 
gave a copper-bromine distance of 4 S. Hence Br2 is probably the 
bromine in the cation and Brl the bromide ion.
The positions given above give a Brl-Br2 vector of 0.495u, 0.079v 
and 0.255w. The value of v is 4.74 sixtieths, and so the Harker 
section v = 5 sixtieths was examined, and a large peak (20 in Table 3.4) 
observed at position 0.49u, 0.08v and 0.25w. Hence the positions of 
these three atoms seemed to be self-consistent, and were used for a 
preliminary Fourier synthesis.
3f4 Fourier refinement of CUBE
A Fourier synthesis was computed using the observed structure 
amplitudes and the phases from the heavy atom positions quoted above. 
The grid was the same as that used for the Patterson function. An 
initial structure factor calculation based on these positions, and the 
B and K values given previously gave an R value of 0.35 and an overall 
linear scaling ratio of 0.91. This appeared satisfactory, and the 
Fourier map taken as a basis for the elucidation of the structure.
A list of peaks on the Fourier map is given in Table 3.5. This 
contains two asymmetric units, as it was found easier to pick out the 
molecule with this number of peaks. The peak heights are on an
TABLE 5.5 Peaks from Fourier map based on heavy atom phases
Peak
Number
Grid position
Peak
height Atom- Trkths x m  30 ^ths y in 60 z ^ths in 30
1 9.6 1.0 21.1 615 Brl
2 2.7 2.8 13.7 570 Cu
3 27.4 5.7 13,5 597 Br2
4 14.5 29.0 6.0 580 Brl
5 27.7 27.2 28.7 584 Cu
6 22.4 24.3 28.5 572 Br2
7 2.1 0.0 18.4 72 N1
8 21.0 0.9 6.2 66 C2
9 29.2 0.8 20.5 40 Cl
10 18.4 1.5 4.1 36 C3
11 17.0 2.5 18.3 67 N2
12 23.5 2.8 5.2 45 C7
13 20.0 3.8 19.6 54 CIO
14 23.9 4.5 2.0 56 C6
15 17.8 4.4 12.5 40 C8
16 16.0 4.7 15.5 43 C9
17 21.5 5.0 0.2 38 C5
18 7.0 5.5 2.0 36 C32
19 2.5 5,5 6,7 42 C26
20 4,6 5,6 9.6 51 N4
21 4.0 7.0 3.5 47 C27
22 5,4 7.3 16.4 61 N3
23 7,4 9.0 13.6 55 C25
24 19.6 7.7 21.2 52 Cll
25 17,6 8.5 23.9 38 Cl 2
26 5.7 9.2 10.6 36 C24
27 2.7 10,5 2.0 34 C28
28 3.4 10,2 18.2 54 C17
29 6,0 11.4 23.8 53 C19
30 20.6 11.3 19.3 46 C13
31 13,7 12.5 7.2 38
(Cont)
TABLE 3.5 (Cont)
32 5.3 12.3 20.4 46 C18
33 16.7 12.5 25.0 33 C16
34 24.3 12.0 29.2 33 C29
35- 7.7 13.3 25.8 34 C30
36 14.0 13.5 9.5 32
37 23.0 14.5 8.2 36
38 25.0 15.0 5.8 38
39 20.0 15.0 20.7 36 C14
40 18.0 15.5 23.2 37 Cl 5
.41 9.3 16.5 24.8 33 C21
42 8.8 17.5 22.2 41 C22
43 10.4 17.7 5.5 49
44 12.7 16.9 10.7 32
45 25.6 18.8 4.4 47
46 29.4 18.0 14.4 32
47 11.0 19.0 8.7 58
48 8.4 19.8 3.3 54
49 27.9 19.5 17.0 32
50 2.4 21.0 28.6 55
51 0.8 21.0 25.6 39
52 24.5 21.7 6.2 51
53 22.6 21.6 8.7 36
54 10.4 22.7 1.4 66
55 29.3 23.0 18.5 45
56 2.8 23.0 13.8 33
57 2.0 24.5 17.1 38
58 29.7 24.4 24.6 54
59 27.5 24.5 21.7 39
60 21.0 25.3 0.5 42
61 25.0 26.0 4.7 55
62 18.9 25.4 17.0 57
63 16.5 25.0 15.4 37
64 12.6 25.8 27.5 38
65 22.0 27.5 3.1 65
66 18.5 27.3 20.1 46
(Cont)
TABLE 3.5 CCont)
67 16.0 28.8 21.3 68
68 7.0 30.0 3.3 70
69 4.0 29.3 5.5 43
70 16.0 29.0 21.3 68
71 18.6 2.7 0.8 28 C4
72 6.5 16.3 19.5 28 C23
73 27.9 7.0 28.7 32 C31
74 26.6 10.0 27.4 29 C30
electron density scale factor of ten, and all the peaks of height 
greater than thirty on this scale were listed. Peaks 1 to 6 are the 
heavy atoms, 7 to 70 are others. The positions quoted in the table are 
grid positions direct from the Fourier map. These peaks would represent 
the two ’molecules ’ in the half unit cell. Each molecule contains four 
nitrogen and thirty-two carbon atoms, and as there are sixty-four medium 
peaks in the list, then, if these are correct, eight peaks are missing. 
Some approximate distances between peaks which appear to belong to bonded 
atoms were calculated, and these are given in Table 3.6. In these tables 
the codes later assigned to the atoms are also given. The molecule it 
was hoped to identify was that near the heavy atoms in the lower part of 
the unit cell. A few of the atoms in this were in fact not those whose 
coordinates are quoted, but symmetry-related atoms near the top of the 
unit cell below.
Using this information as a basis, a model of this molecule was 
constructed using polystyrene balls on metal rods mounted on a cork base. 
When the model was completed, the shape of the molecule was clearly 
indicated and the positions of the four missing atoms were obvious. The 
Fourier was searched once more for peaks at these positions, and the four 
peaks were found (numbers 71-74, Table 3.5). One peak, 73, had a height 
of thirty-two, and had been missed on the first search, while the other 
three peaks were just below thirty and so had not been listed. The 
complete list of atom positions for the molecule in true x,y,z unit cell 
values, together with the heights of the peaks on the Fourier which was 
now computed on the basis of phases from all the atoms except hydrogen, 
are given in Table 3.7. A structure factor calculation on this basis 
gave an R value of 0.268, an overall linear scaling ratio of 0.98 and a 
new K of 0.264. These were reasonably satisfactory, and it was decided 
to start a least-squares refinement from this point.
TABLE 3.6 Some approximate distances between peaks calculated 
from the heavy atom Fourier map
Peak number Distance apart (X) Atoms
2 - 20 2.08 Cu - N4
2 - 7 2.10 Cu - N1
9 - 8 1.52 Cl - C2
7 - 9 1.4 N1 - Cl
8 - 12 1.32 C2 - C7
11 - 13 1.46 N2 - CIO
11 - 16 1.4 N2 - C9
12 - 14 1.42 C7 - C6
14 - 17 1.27 C6 - C5
13 - 24 1.52 CIO - Cll
15 - 16 1.42 C8 - C9
18 - 21 1.51 C32 - C27
19 - 20 1.47 C26 - N4
19 - 21 1.53 C26 - C27
21 - 27 1.48 C27 - C28
22 - 23 1.53 • N3 - C25
22 - 28 1.51 N3 - Cl 7
23 - 26 1.41 C25 - C24
24 - 25 1.41 Cll - C12
28 - 32 1.41 C17 - Cl 8
29 - 32 1.43 C19 - Cl 8
72 - 10 1.39 C4 - C3
72 - 17 1.50 C4 - C5
8 - 10 1.37 C2 - C3
TABLE 3.7 Positions of all atoms and peak heights from final Fourier
Atom
Position in unit cell Height of peak
X y z
Electron
density
Brl 0.557 0.017 0.703 608
Br2 0.060 0.095 0.450 574
Cu 0.243 0.047 0.457 567
N1 0.273 0.000 0.613 92
N2 0.770 0.042 0.610 90
N3 0.363 0.122 0.547 89
N4 0.260 0.093 0.320 78
Cl 0.200 0.013 0.683 59
C2 0.770 0.015 0.207 82
C3 0.660 0.025 0.137 60
C4 0.663 0.045 0.027 53
C5 0.720 0.083 0.007 61
C6 0.820 0.075 0.067 71
C7 0.840 0.047 0.173 57
C8 0.733 0.073 0.417 66
C9 0.703 0.078 0.517 68
CIO 0.883 0.063 0.653 81
Cll 0.890 0.128 0.707 75
C12 0.853 0.258 0.774 54
Cl 3 0.900 0.188 0.643 61
C14 0.897 0.250 0.690 54
C15 0.857 0.258 0.774 55
C16 0.833 0.208 0.833 46
(Cont)
TABLE 3.7 (Cont)
C17 0.317 0.170 0.607 63
C18 0.403 0.205 0.680 57
C19 0.463 0.190 0.793 69
C20 0.543 0.222 0.860 65
C21 0.587 0.275 0.827 . 54
C22 0.540 0.292 0.740 51
C23 0.433 0.272 0.650 47
C24 0.307 0.153 0.353 60
C25 0.397 0.150 0.453 72
C26 0.157 0.092 0.223 52
C27 0.173 0.117 0.117 64
C28 0.133 0.175 0.067 50
C29 0.113 0.200 0.973 48
C30 0.190 0.175 0.913 40
C31 0.250 0.117 0.957 57
C32 0.257 0.092 0.067 57
3.5 Least squares refinement of CUBE
Three cycles of full-matrix least squares were performed on all 
the atomic parameters (hydrogen atoms omitted), and starting from the 
overall isotropic temperature factor, refining in terms of individual 
anisotropic temperature factors. The scale factor was also refined.
The R value improved from 0.268 to 0.077 for the 5246 observed 
reflections. The new overall linear scaling ratio was 1.004 and the 
scale factor 0.267.
In the next stage of the refinement, a weighting scheme (other 
than that of unit weights) was applied to the reflections. After the 
least squares calculation, a weighting analysis was carried out in 
terms of ranges of |Fq| values, the results of which are included in 
Table 3.8, together with the average values of |F | and A | F | calculated 
from it (Stout and Jensen, 1968). A graph of <A> against c |F | > was 
plotted (Fig. 3.12), and from figures taken from the smooth curve, a 
cubic least-squares fit was obtained. This gave the equation:
A = 1.11525 + 0.0016218|F I + 0.0004208|F I21 o' 1 o'
+ 0.000000958IF I3 o'
This gave coefficients for the weighting scheme:
1
w = ------------------*-----
a + |F0I + bfF0l2 + 3
of a = 470.62; b = 0.1180; c = 0.0000831.
These figures are included in a program to revise the weights for 
the least-squares program, and three cycles of full-matrix least-squares
TABLE 3.8 Weight analysis for CUBE
Upper^limit ^  Number. ^  Ayerage Ayerage
|F | range reflections ^  I ^  ^
8.0 4224.1 681 1144.1 6.20 1.68
12.0 6543.6 659 1054.4 9.93 1.60
15.0 6063.2 450 801.0 14.74 1.78
20.0 11294.6 650 1170.2 17.38 1.80
25.0 11364.5 505 994.9 22.50 1.97
30.0 11756.0 430 958.9 27.34 2.23
40.0 20401.1 589 1366.5 34.64 2.32
50.0 17289.0 389 1011.4 44.45 2.60
100.0 47684.1 699 2481.5 68.22 3.55
150.0 26030.3 194 1978.8 134.18 10.20
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of CUBE#
were performed on all atomic parameters using the new weights. This 
resulted in an improvement in the R value from 0.077 to 0.068 for 
the observed reflections. The overall linear scaling ratio was 1.019, 
and the new scale factor 0.254.
The results of the weighting scheme (Table 3.9) indicated that, 
though the agreement was quite good for most of the range, it was 
not satisfactory at high values of |Fq|. However, it was decided to 
proceed with the refinement before attempting to improve the weighting 
scheme.
Now that the identities of the bromine atom and bromide ion had
been established, it was probable that improved results could be
+ —
obtained by using scattering factors appropriate to the Cu and Br 
ion in the data file, leaving the coordinated bromine atom unchanged. 
This was done, at the same time advantage being taken of improved 
scattering factors being available from Cromer and Waber (1973)^ and 
including those for hydrogen calculated, assuming a spherical 
approximation to a bonded atom, by Stewart, Davidson and Shnpson 
(1965). Six cycles of full matrix least squares were performed on all 
atomic parameters, and the new figures resulted in an improvement in 
the R value to 0.053 for the observed reflections. The overall linear 
scaling ratio was 1.004, and the new scale factor 0.252.
3.6 Final refinements
Hydrogen atoms
In order to include the position of hydrogen atoms bonded to
TABLE 3.9 Weight analysis after application of weighting scheme
Upper limit Nunber Average Average
| Fq | range reflections IAFI (wAF*)
8.0 693 2.91 0.006
12.0 658 2.52 0.005
15.0 458 2.72 0.005
20.0 648 3.99 0.007
25.0 514 5.45 0.009
30.0 429 5.11 0.008
40.0 590 7.14 0.010
50.0 383 10.97 0.013
100.0 688 34.64 0.024
150.0 187 763.96 0.093
carbon in the structure, a molecular geometry program was used, 
assuming the appropriate angles for tetrahedral and trigonal coordi-. 
nation, and a carbon to hydrogen bond length of 0.99 X. The 
fractional coordinates of the thirty six hydrogen atoms obtained from 
this are given in Table 3.10, and these were included in the data 
file.
Dispersion
At the same time a correction for anomalous scattering 
(’dispersion’) was included in the data file (see Section 1.6). The 
correction is only used for the heavier atoms, which in the case of 
CUBE, has the following values (Cromer and Libeimann, 1970).
f’ f”
Cu -2.019 0.589
Br -0.769 1.283
Four cycles of full-matrix least squares were performed on all 
atoms including hydrogen, with the dispersion corrections included, 
and this resulted in an improvement in the R value from 0.053 to 
0.046 for the observed reflections. The overall linear scaling ratio 
was 1.001 and the new scale factor 0.253.
At this stage a difference Fourier map was plotted, and all bond 
lengths and angles calculated. The difference Fourier showed no peaks 
of electron density greater than 0.6, and so there was nothing to 
indicate a major error in the structure.
The range of bond lengths and angles, except for those in one of 
the benzene rings, is given in Table 3.11. They are all consistent
TABLE 3.10 Fractional coordinates of hydrogen atoms bonded to 
carbon from molecular geometry program
Atom
Fractional coordinates
X y z
HI 0.5974 0.0065 0.1612
H2 0.5582 0.0596 -0.0121
H3 0.6943 0.1023 -0.0732
H4 0.8776 0.0972 0.0425
H5 0.9215 0.0463 0.2181
H6 0.8296 0.1096 0.8337
H7 0.9304 0.1798 0.5809
H8 0.9062 0.2843 0.6392
H9 0.8567 0.3010 0.8027
H10 0.8094 0.2134 0.8930
Hll 0.4364 0.1434 0.8163
HI 2 0.5814 0.2025 0.9407
H13 0.6355 0.3000 0.8823
H14 0.5432 0.3406 0.7051
HI 5 0.3975 0.2818 0.5808
H16 0.0947 0.2016 0.0053
HI 7 0.1058 0.2131 1.0294
HI 8 0.2011 0.1875 0.8481
H19 0.2749 0.0933 1.0337
H20 0.2617 0.0785 0.0008
H21 0.2239 0.0036 0.7644
H22 0.1287 0.0319 0.6589
H23 0.7913 0.0372 0.4119
(Cont)
TABLE 3.10 (Cont)
H24 0.7348 0.1035 0.3600
H25 0.6241 0.0675 0.4997
H26 0.7102 0.1255 0.5369
H27 0.9238 0.0410 0.7219
H28 0.9207 0.0686 0.6015
H29 0.2663 0.1975 0.5541
H30 0.2745 0.1468 0.6525
H31 0.3266 0.1747 0.2940
H32 0.2450 0.1829 0.3678
H33 0.4286 0.1903 0.4821
H34 0.4513 0.1203 0.4421
H35 0.1335 0.0465 0.2009
H36 0.0989 0.1147 0.2379
TABLE 3.11 Range of bond lengths and angles in CUBE,
calculated with R = 0.046 (excluding those in Fig. 3.13)
Bond Length (X) Atoms Bond angle
Cu - Br 
Cu - N 
C - N
c - c
C - C (aromatic)
2.55
2.07-2.11
1.47-1.50
1.49-1.53
1.35-1.40
N - Cu - N 
Benzene rings
84.0°-.21.4° 
118.3°-121.4°
TABLE 3.12 Values of doubtful bond lengths and angles at 
various stages of refinement
Atoms
No
extinction
correction
Extinction
included
Extinction 
plus final 
H atoms
C27 - C28 - 
C28 - C29 
C29 - C30 
C31 - C32
C29 116.2° 
1.507 X 
1.307 X 
1.444 X
116.5° 
1.497 X 
1.312 X 
1.424 X
116.9° 
1.490 X 
1.330 X 
1.419 X
with known values for these types of bonds. The exception is the 
benzene ring containing carbon atoms C27 to C32, and this is shown in 
full in Fig. 3.13:
FIG. 3.13 Bond lengths and angles in the benzene ring containing 
carbon atoms 27-32
°3Z
?0.5
1.380
C28^
1.357
120.7
C29 C31
1.3© 55
This shows one angle (116.2°) much below the range in Table 3.11, and 
three bond lengths outside these ranges, one small (1.307 X), one 
large (1.444 S) and one very large (1.507 X). Almost certainly there 
is some error in this ring, but it is not clear what is causing it. 
Examination of the difference Fourier map shows that none of the peaks 
on it is in the neighbourhood of this ring.
Extinction
(See Section 1.6 for general comments on extinction).
In the XRAY system, g is initialized at zero, and refined from 
there, and a mean path length, T = 0.03 cm assumed, if no other values 
are available. As recommended by Greenhough (1975), the extinction 
correction was refined using unit weights, and held invariant when a 
weighting scheme was applied.
Four cycles of full-matrix least-squares refinement showed only 
a small improvement in the R value, using unit weights and refining 
the extinction coefficient (R = 0.056 to R = 0.054), and the value of 
the extinction coefficient was small, but did not tend to a constant 
value. In order to ascertain the effect of the extinction values on 
the refinement, three cycles of full-matrix least squares were 
performed on all atomic parameters, using constant values of g, given
— 5 — 5
by the previous refinement, of 2.68 x 10 and 5.72 x 10 . Both these
resulted in an identical small Improvement in the R value for observed 
reflections from 0.046 to 0.044. Both values produced identical bond 
lengths and angles, those for the doubtful bonds being included in 
Table 3.12. As can be seen, inclusion of the extinction coefficient 
had resulted in a slight improvement in these values, so it was 
decided to include an extinction coefficient of 5 x 10 5 in the 
further attempts at refinement.
Weighting scheme
Various attempts were made at this stage to improve the weighting 
scheme. None of these resulted in any improvement in the R values.
The most satisfactory scheme based on the equation
1
w = ------------
a + |F0| + b|:
was that with the values:
a = 687.647; b = 0.2595; c = 0.0006
the scheme being derived in the same way as that described previously.
The results of this scheme are given in Table 3.13. This shows 
that, although there has been an improvement in the values at high 
|F |, these are still too large. However, the top range contains only 
187 reflections out of 5;248 and so probably has a comparatively small 
effect. As it did not seem possible to improve on this, this weighting 
scheme was used for the final refinement.
Final hydrogen atoms
The four hydrogen atoms attached to nitrogen were not included in
the molecular geometry programme, and so had not yet been included in
the structure. The difference Fourier map was examined to see if 
these atoms could be located from it. Of the peaks on this map, eight 
were found to be close to the nitrogen atoms, in four symmetry related 
pairs, and an approximate calculation showed them to be rather less 
than 1 X from these atoms. The positions of these peaks are given in 
Table 3.14. Although the peaks were no higher (electron density 0.6) 
than the other five peaks in the difference Fourier, for which no 
suitable explanation had been provided, it was assumed that they were 
caused by the four hydrogen atoms, and the atoms placed in the data 
file accordingly. Three cycles of full-matrix least squares were
I2 + c|FJ3
TABLE 3.13 Weight analysis for CUBE after application of
new weighting scheme
Upper limit 
of
|Fq| range
Number of 
reflections
Average
|AF|2
Average 
(wAF)2
. 8.0 689 2.13 0.003
12.0 659 1.40 0.002
15.0 460 1.44 0.002
20.0 646 1.65 0.002
25.0 512 3.22 0.004
30.0 429 1.69 0.002
40.0 590 2.22 0.002
50.0 386 4.71 0.004
100.0 690 20.64 0.010
150.0 187 398.80 0.039
TABLE 3.14 Peaks in difference Fourier map close to the
nitrogen atoms
Nitrogen Position of peak in fraction coordinates
atom ----------------------------------------
neighbour x y z
N1 0.33 0.01 0.64
N2 0.77 0.047 0.627
N3 0.38 0.42 0.027
N4 0.30 0.07 0.31
performed on.all the atomic parameters, and this resulted in an
improvement in the R value from 0.044 to 0.042. The nitrogen-hydrogen
o
bond lengths were rather small, but not unreasonably so (about 0.85 A) 
and the bond angles with the other atoms bonded to the nitrogens were 
also reasonable, generally between 100° and 115° for these 
tetrahedrally coordinated atoms.
This was therefore taken to be the final structure, refined as 
far as possible. A full list of atomic coordinates for atoms other 
than hydrogen, together with estimated standard deviation, is given in 
Table 3.15, and a similar list of thermal parameters in Table 3.16. 
Table 3.17 gives the results for the hydrogen atoms.
3.7 The structure of CUBE
Tables 3.18 to 3.21 give the bond lengths and bond angles in the 
molecule, with estimated standard deviations.
Examination of these shows a good agreement with expected values, 
except for the one benzene ring mentioned previously. The final 
refinement had produced slight improvements in all the doubtful 
values, and three of these - the angle C27-C28-C29, improved from 
116.2° to 116.9°, and the lengths C29-C30 (1.307 X to 1.333 X) and 
C31-C32 (1.444 X to 1.419 X) - although outside the ranges for the 
other rings, were now fairly close to them. The other bond length, 
C28-C29, had improved from 1.507 X to 1.490 X, but was much too long 
to represent a real value for the bond length.
Further evidence of problems in this ring is obtained from 
examination of the standard deviations and thermal parameters. Atoms
TABLE 5.15 Atomic coordinates and e.s.d. for all atoms of
CUBE other than hydrogen
Atom X y z
Cu+ 0.24172( 4) 0.04923( 2) 0.46277( 4)
Br~ 0.55059( 3) 0.01624( 2) 0.70290( 3)
Br 0.05776(3) 0.09932( 2) 0.44842( 3)
N1 0.26872(22) -0.00103(13) 0.61045(22)
N2 0.77200(21) 0.04062(12) 0.60704(22)
N3 0.35522(23) 0.11948(13) 0.54483(24)
N4 0.25640(23) 0.09116(13) 0.31981(24)
Cl 0.20360(32) 0.01508(19) 0.68485(31)
C2 0.76478(31) 0.02115(17) 0.20591(29)
C3 0.65717(35) 0.02553(24) 0.13800(35)
C4 0.63168(39) 0.05623(28) 0.03572(36)
C5 0.71263(40) 0.08145(24) 0.00056(34)
C6 0.81886(39) 0.07817(23) 0.06755(36)
C7 0.84456(35) 0.04828(22) 0.17004(34)
C8 0.73763(33) 0.06915(17) 0.41416(31)
C9 0.70142(30) 0.08014(17) 0.51561(31)
CIO 0.88295(27) 0.06845(17) 0.65868(29)
Cll 0.88014(30) 0.13524(18) 0.70079(32)
C12 0.84672(43) 0.14611(23) 0.79235(41)
C13 0.90409(46) 0.18643(22) 0.64617(49)
Cl 4 0.89341(58) 0.24728(25) 0.68184(70)
Cl 5 0.86036(53) 0.25774(27) 0.77497(66)
Cl 6 0.83641(51) 0.20694(30) 0.68653(55)
C17 0.31554(32) 0.16802(19) 0.60834(35)
(Cpnt)
TABLE 3.15 (Cont)
C18 0.40626(32) 0.20689(18) 0.68653(35)
C19 0.45912(45) 0.18456(22) 0.79211(40)
C20 0.54362(51) 0.21951(29) 0.86556(47)
C21 0.57450(48) 0.27582(29) 0.83134(57)
C22 0.52274(54) 0.29883(26) 0.72867(58)
C23 0.43584(45) 0.26453(21) 0.65570(42)
C24 0.30131(33) 0.15500(18) 0.35206(33)
C25 0.39592(30) 0.14770(18) 0.45830(33)
C26 0.15692(35) 0.09119(23) 0.21860(34)
C27 0.17235(38) 0.12091(21) 0.11617(34)
C28 0.11953(41) 0.17680(28) 0.07467(50)
C29 0.13091(53) 0.20031(35) 0.96758(59)
C30 0.19416(80) 0.16995(37) 0.91860(47)
C31 0.24750(88) 0.11730(32) 0.96294(52)
C32 0.23711(68) 0.09149(25) 0.06290(47)
TABLE 3.16 Thermal parameters, Uy x 10**, and e.s.d. for all
atoms of CUBE other than hydrogen
Atom Un U22 U33 u12 U 13 U23
Cn+ 315( 3) 338( 3) 366( 3) 0( 2) 109( 2) 25( 2)
Br 342( 3) 775( 3) 523( 3) 98( 2) 147( 2) 25( 2)
Br 316 ( 3) 548( 3) 563( 3) 76 ( 1) 1S3( 2) 80 ( 2)
N1 356(14) 387(14) 360(14) 11(11) 106(11) 32(11)
N2 342(13) 395(14) 323(14) 3(11) 135(11) 7(11)
N3 385(15) 357(14) 469(16) - 36(12) 133(13) - 21(12)
N4 350(14) 422(16) 438(15) - 21(12) 137(12) . 47(12)
Cl 529(22) 552(23) 424(19) 122(17) 214(17) 125(17)
C2 496(20) 467(20) 370(18) - 9(16) 147(15) 36(15)
C3 511(23) 860(31) 473(22) -105(22) 142(18) 113(21)
C4 586(26) 1084(40) 438(23) - 41(26) 33(20) 178(24)
C5 766(30) 764(30) 423(21) 9(24) 173(21) 121(20)
C6 713(28) 733(28) 514(23) -139(23) 254(23) 108(21)
C7 529(23) 701(27) 501(22) - 61(19) 147(18) 101(19)
C8 576(22) 393(18) 431(19) 54(16) 102(17) 63(15)
C9 455(19) 407(18) 493(20) 133(15) 81(16) 15(15)
CIO 352(17) 442(19) 462(19) - 21(14) 131(14) 15(15)
Cll 416(19) 460(20) 552(21) -112(16) 175(16) - 35(16)
C12 854(33) 667(28) 684(28) -159(24) 385(25) -126(23)
C13 922(36) 519(25) 1027(39) -132(24) 594(32) 28(25)
C14 1146(50) 464(27) 1792(69) -146(29) 834(51) 37(34)
Cl 5 940(41) 576(31) 1521(61) -162(29) 498(42) -373(36) .
C16 952(40) 907(41) 1080(45) -173(32) 537(36) -421(35)
C17 516(22) 472(20) 611(23) - 85(17) 249(18) -103(17)
C18 506(21) 432(20) 619(24) - 35(16) 210(18) -121(17)
(Cont)
TABLE 3.16 (Cont)
C19 889(35) 555(25) 626(27) 11(24) 150(25) - 99(21)
C20 933(40) 824(37) 727(33) 170(31) - 45(29) -198(28)
C21. 754(35) 748(36) 1049(47) -137(28) 180(33) -345(34)
C22 1040(42) 607(31) 1088(45) -318(29) 386(37) -272(30)
C23 899(44) 444(22) 751(30) -179(22) 299(26) -126(21)
C24( 562(22) 429(19) 535(21) - 49(17) 206(18) 93(16)
C25 431(19) 494(21) 563(22) -145(16) 207(17) - 43(17)
C26 526(23) 819(30) 449(21) -164(21) 57(18) 171(20)
C27 680(27) 626(25) 452(22) -189(21) 20(19) 106(19)
C28 532(27) 958(39) 1019(40) 19(26) 76(26) 502(33)
C29 769(39) 1152(52) 937(43) -201(36) 55(32) 507(39)
C30 1722(79) 1071(53) 492(30) -502(52) 191(32) 55(32)
C31 2659(113) 714(38) 710(37) -361(53) 855(55)■ - 86(31)
C32 1896(72) 598(30) 697(32) -144(36) 636(40) -115(25)
TABLE 3.17 Atbmic coordinates and thermal parameters in CUBE,
with e. s. d.1 s, for the hydrogen atoms
Atom X y z u x 102
HI 0.5965(39) 0.0073(22) 0.1610(39) 8.0(1.4)
H2 0.5606(41) 0.0586(23) -0.0039(42) 6.8(1.5)
H3 0.6900(39) 0.1032(21) -0.0712(39) 7.2(1.4)
H4 0.8669(40) 0.0955(22) 0.0403(40) 7.4(1.5)
H5 0.9168(49) 0.0422(28) 0.2180(49) 10.1(1.9)
H6 0.8363(35) 0.1103(20) 0.8322(35) 6.4(1.2)
H7 0.9300(41) 0.1813(23) 0.5801(41) 9.4(1.5)
H8 0.9084(47) 0.2836(27) 0.6455(47) 9.6(1.8)
H9 . 0.8474(55) 0.3001(32) 0.7813(56) 11.4(2.3)
H10 0.8141(47) 0.2152(27) 0.9018(49) 10.4(1.9)
Hll 0.4434(35) 0.1410(21) 0.8171(35) 6.2(1.3)
H12 0.5741(49) 0.2015(27) 0.9243(48) 11.3(1.9)
H13 0.6490(57) 0.3059(33) 0.8887(58) 13.0(2.5)
H14 0.5453(57) 0.3396(33) 0.7118(57) 14.6(2.5)
HIS 0.3892(37) 0.2833(21) 0.5795(37) 7.7(1.3)
H16 0.1057(27) 0.2117(16) 0.0071(2.9) 3.6(0.8)
H17 0.0811(143) 0.2101(77) 1.1094(140) 24.9(8.6)
H18 0.2057(52) 0.1928(29) 0.8497(52) 12.9(2.1)
H19 0.2477(52) 0.0894(30) 1.0404(52) 16.1(2.1)
H20 0.2764(118) 0.0887(66) -0.758(120) 39.1(6.9)
H21 0.2235(18) 0.0666(11) 0.6523(18) 7.6(0.5)
H22 0.1274(36) 0.0049(21) 0.6450(37) 5.3(1.2)
H23 0.8057(37) 0.0799(21) 0.4364(37) 6.9(1.3)
H24 0.6923(39) 0.0946(22) 0.3482(39) 7.5(1.4)
(Cont)
TABLE 3.17 (Cont)
H25 0.6380(33) 0.0670(19) 0.5097(33) 4.9(1.
H26 0.7016(28) 0.1269(16) 0.5361(28) 3.8(0.
H27 0.9196(36) 0.0408(21) 0.7169(37) 7.2(1.
H28 0.9277(30) 0.0635(17) 0.6059(30) 4.1(0.
H29 0.2603(35) 0.1928(21) 0.5524(36) 6.7(1.
H30 0.2769(31) 0.1472(18) 0.6475(32) 5.0(1.
H31 0.3269(36) 0.1737(21) 0.2947(36) 6.7(1.
H32 0.2438(34) 0.1787(20) 0.3605(35) 7.0(1.
H33 0.4309(33) 0.1867(19) 0.4743(34) 5.5(1.
H34 0.4519(37) 0.1189(22) 0.4479(37) 6.5(1.
H35 0.1374(40) 0.0437(23) 0.2002(40) 7.0(1.
H36. 0.1042(42) 0.1153(24) 0.2397(41) 7.5(1.
H37 0.3374(36) 0.0046(21) 0.6396(36) 6.8(1.
H38 0.7528(21) 0.0396(12) 0.6537(21) 5.6(0.
H39 0.4002(70) 0.4068(39), 0.0869(67) 12.9(3.
H40 0.3013(28) 0.0674(16) 0.3030(28) 5.1(0.
1
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TABLE 3.18 Bond lengths and e.s.d. 
than hydrogen in CUBE
’s $) for atoms other
Cu - Br 2.547 1) C5 - C6 1.367( 6)
Cu - N1 2.078 3) C6 - C7 1.384( 6)
Cu - N2 2.073 3) C7 - C2 1.370( 7)
Cu - N3 2.111 3) Cll - C12 1.373( 7)
Cu - N4 2.072 3) Cl 2 - C16 1.378 C 8)
N1 - Cl 1.481 6) C16 - C15 1.348(10)
N1 - C8 1.466 4) Cl 5 - C14 1.388(13)
N2 - C9 1.482 4) C14 - C13 1.380( 8)
N2 - CIO 1.492 4) C13 - Cll 1.367( 7)
N3 - Cl 7 1.486 5) C18 - C19 1.377( 6)
N3 - C25 1.477 6) C19 - C20 1.399( 7)
N4 - C24 1.471 5) C20 - C21 1.364( 9)
N4 - C26 1.501 4) C21 - C22 1.350( 9)
Cl - C2 1.517 5) C22 - C23 1.407( 7)
CIO - Cll 1.509 5) C23 - Cl 8 1.366( 6)
Cl 7 - C18 1.513 5) C27 - C28 1.379( 7)
C26 - C27 1.506 7) C28 - C29 1.490(10)
C8 - C9 1.512 6) C29 - C30 1.330(12)
C24 - C25 1.512 5) C30 - C31 1.333(11)
C2 - C3 1.386 5) C31 - C32 1.419(10)
C3 - C4 1.390 7) C32 - C27 1.372(10)
C4 - C5 1.362 8)
TABLE 5.19 Bond angles (°) and e.s.d.’s for atoms other
than hydrogen in CUBE
Br - Cu - N1 99.6(1
Br - Cu - N2 113.2 Cl
Br - Cu - N3 103.3(1
Br - Cu - N4 95.6(1
N1 - Cu - N2 83.4(1
N1 - Cu - N3 91.2(1
N2 - Cu - N4 92.2(1
N3 - Cu - N4 83.8(1
N1 - Cu - N4 164.8(1
N2 - Cu - N3 143.5(1
Cu - N1 - C8 109.0(2
Cu - N1 - Cl 118.9(2
Cl - N1 - C8 110.7(3
Cu - N2 - C9 103.4(2
Cu N2 - CIO 119.2(2
C9 - N2 - CIO 112.9(3
Cu - N3 - Cl 7 116.5(2
Cu - N3 - C25 105.7(2
C17 - N3 - C25 112.6(3
Cu - N4 - C24 106.5(2
Cu - N4 - C26 117.2(3
C24 - N4 - C26 113.1(3
N1 - Cl - C2 114.7(3
N2 - CIO - Cll 113.3(3
N3 - C17 - Cl 8 113.6(3
N4 - C26 - C27 115.2(4
N1 - C8 - C9 108.6(3
N2 - C9 - C8 107.3(3
N3 - C25 - C24 108.9(3
N4 - C24 - C25 106.9(3
Cl - C2 - C3 121.9(4
Cl - C2 - C7 119.7(3
C3 - C2 - C7 118.3(4
C2 - C3 - C4 120.4(4
C3 - C4 - C5 120.2(4
C4 - C5 - C6 119.9(4
C5 - C6 - C7 120.2(5
C6 - C7 - C2 121.0(4
CIO - Cll - C12 120.0(4
CIO - Cll - C13 121.7(4
Cl 2 - Cll - C13 118.2(4
Cll - C12 - C16 121.1(5
Cl 2 - C16 C15 121.2(7
C14 - Cl 5 - C16 118.2(6
C13 - C14 - Cl 5 120.8(6
Cll - C13 - C14 120.5(6
Cl 7 - C18 - C19 119.6(4
C17 - C18 - C23 121.5(4
C19 - C18 - C23 118.9(4
C18 - C19 - C20 120.6(5
C19 - C20 - C21 119.4(5
C20 - C21 - C22 120.8(5
C21 - C22 - C23 119.9(5
C22 - C23 - C18 120.4(4
C26 - C27 - C28 120.0(5
C26 - C27 - C32 119.8(5
C28 - C27 - C32 120.2(5
C27 - C28 - C29 116.9(7
C28 - C29 - C30 120.7(6
C29 - C30 - C31 121.0(8
C30 - C31 - C32 120.9(9
C31 - C32 - C27 120.3(6
TABLE 3.20 Bond lengths (X) involving hydrogen with e.s.d.'s
C3 - HI 0.99( 5) Cl - H21 1.22 2)
C4 - H2 0.90C 5) Cl - H22 0.97 4)
C5 - H3 0.98( 5) C8 - H23 0.86 4)
C6 - H4 0.88C 6) C8 - H24 1.01 4)
C7 - H5 0.95( 5) C9 - H25 0.84 4)
Cl 2 - H6 0.94( 5) C9 - H26 1.02 3)
C13 - H7 1.00C 6) CIO - H27 0.94 4)
C14 - H8 0.94C 6) CIO - H28 1.01 4)
C15 - H9 0.92( 7) C17 - H29 0.98 4)
C16 - H10 1.07( 7) C17 - H30 0.92 4)
C19 - Hll 1.01C 5) C24 - H31 0.97 5)
C20 - HI2 0.82C 6) C24 - H32 0.93 5)
C21 - H13 1.19 ( 6) C25 - H33 0.93 4)
C22 - H14 0.95(7) C25 - H34 0.98 5)
C23 - HI5 1.04( 4) C26 - H35 1.04 5)
C29 - H16 0.72 C 4) C26 - H36 0.95 6)
C28 - HI7 1.03(19) N1 - H37 0.85 4)
C30 - HI8 1.05( 7) N2 - H38 0.71 3)
C32 - H19 0.57( 8) N3 - H39 0.88 8)
C31 - H20 0.92(16) N4 - H40 0.84 4)
TABLE 3.21 Bond angles (°) and e.s.d.!s involving hydrogen
C2 - C3 - HI 121(2) C21 - C22 - H14 117(4)
C4 - C3 - HI 118(2) C23 - C22 - H14 124(4)
C3 - C4 - H2. 117(4) C18 - C23 - HI 5 118(3)
C5 - C4 - H2 123(4) C22 - C23 - HI 5 121(3)
C4 - C5 - H3 117(3) C28 - C29 - HI 6 44(3)
C6 - C5 - H3 123(3) C30 - C29 - H16 164(3)
C5 - C6 - H4 115(3) C27 - C28 - HI 7 132(9)
C7 - C6 - H4 124(3) C29 - C28 - HI 7 111(10)
C6 - C7 - H5 124(4) C29 - C30 - HI 8 116(4)
C2 - C7 - H5 115(4) C31 - C30 - HI 8 123(4)
Cll - C12 - H6 117(3) C27 - C32 - H19 153(10)
C16 - Cl 2 - H6 122(3) C31 - C32 - H19 37(10)
Cll - C13 - H7 122(3) C30 - C31 - H20 124(9)
C14 - C13 - H7 118(3) C32 - C31 - H20 113(9)
C13 - C14 - H8 123(4) N1 - Cl - H21 77(1)
C15 - C14 - H8 117(4) C2 - Cl - H21 137(1)
C14 - C15 - H9 110(5) N1 - Cl - H22 107(3)
Cl 6 - Cl 5 - H9 131(5) C2 - Cl - H22 107(3)
C12 - C16 - H1G 121(3) H21 - Cl - H22 108(3)
Cl 5 - Cl 6 - H10 118(3) N1 - C8 - H23 108(3)
C18 - C19 - Hll 122(2) N1 - C8 - H24 111(3)
C20 - C19 - Hll 117(2) C9 - C8 - H23 104(3)
C19 - C20 - HI 2 114(4) C9 - C8 - H24 112(3)
C21 - C20 - HI 2 126(4) H23 - C8 - H24 113(4)
C20 - C21 - HI 3 122(3) N2 - C9 - H25 103(3)
C22 - C21 - H13 117(3) N2 - C9 - H26 113(2)
(Cont)
TABLE 5.21 (Cont)
C8 - C9 - H25 115(3) C24 - C25 - H33 108(2
C8 - C9 - H26 113(2) C24 - C25 - H34 111(2
H25 - C9 - H26 105(4) H33 - C25 - H34 104(4
N2 - CIO - H27 106(3) N4 - C26 - H35 106(2
N2 - CIO - H28 110(2) N4 - C26 - H36 103(3
Cll - CIO - H27 111(3) C27 - C26 - H35 107(3
Cll CIO - H28 114(2) C27 - C26 - H36 108(3
H27 - CIO - H28 102 C4) H35 - C26 - H36 116(4
N3 - C17 - H29 106(3) Cu - N1 - H37 100(3
N3 - C17 - H30 107(3) . Cl - N1 - H37 114(3
C18 - Cl 7 - H29 115(2) C8 - N1 - H37 102(3
C18 - Cl 7 - H30 110(2) Cu - N2 - H38 109(2
H29 - C17 - H30 105(4) C9 - N2 - H38 112(2
N4 - C24 - H31 111(3) CIO - N2 - H38 101(2
N4 - C24 - H32 105(3) Cu - N3 - H39 93(5
C25 - C24 - H31 110(2) Cl 7 - N3 - H39 114(6
C25 - C24 - H32 114(2) C24 - N3 - H39 113(7
H31 - C24 - H32 110(4) Cu - N4 - H40 103(2
N3 - C25 - H33 117(3) C25 - N4 - H40 112(2
N3 - C25 - H34 107(3) C26 - N4 - H40 105(2
C30 and C31 have positional standard deviations in the x direction 
approximately double the normal values, and atoms C30, C31 and €32 
have much higher temperature factors than any other non-hydrogen 
atoms. Further, extremely large positional standard deviations are 
shown by atoms H17 and H20 which are bonded to C28 and C31 
respectively. These atoms also have exceptionally large temperature 
factors. Finally, two hydrogen atoms show exceptionally short 
hond-lengths and obviously incorrect angles; these are H16 and H19 
which are bonded to C29 and C32 respectively. All these atoms are 
involved in the benzene ring in question, and all the evidence points 
to the problem being one of the inability to refine the structure 
further, and that, were further refinement possible, the parameters 
for this benzene ring would become within the normal range.
Fig. 3.14 is a stereoscopic view of the molecule to show the 
stereochemistry. As expected, the copper shows five-coordination, 
with four nitrogen atoms at a distance of about 2.1 X and one 
bromine atom at about 2.5 X. The nitrogen atoms are arranged around 
the copper atom at approximately 90°, the average bond angle being 
88.5°. The bromine atom is approximately at right angles to these, 
the bromine-copper-nitrogen angles being greater than 90°. Table 3.22 
shows some mean planes for the molecule, including the equation of - 
the least square plane for the nitrogen atoms. The coordination is 
best described as distorted square pyramidal, with the bromine atom 
at the apex and the nitrogen atoms below the level of the copper atom. 
The coordination does not resemble the trigonal-bipyramidal structure 
assigned from spectral studies, although the difference in the angles 
N2-Cu-N3 (143.8°) and Nl-Cu-N4 (164.8°) indicates a distortion 
towards this stereochemistry as suggested by the Berry twist 
mechanistic pathway.
Fig* 3*14* Stereoscopic view of a molecule of CUBE, 
including two bromide ions.
TABLE 3.22 Mean planes expressed in form Px + Qy + Rz = S, where 
x, y and z are fractional coordinates in direct space. 
a is the mean deviation from the plane of the atoms 
defining the plane
Plane 1 Plane 2
p 12.0926 5.3901
Q - 7.0223 18.5239
R - 2.7449 - 4.3887
S 1.7718 0.1831
Atoms defining Deviations 
the plane from the plane
Atoms defining Deviations 
the plane from the plane
N1 -0.19 Cui -0.11
N2 0.19 Brl 0.02
N3 0.19 Br2 0.06
N4 -0.19 Brl* 0.03
0 0.19 o 0.06
Angles between planes 88.9°
This arrangement is not inconsistent with the ^ relatively high 
intensity of the low energy shoulder in the electronic reflectance 
spectrum.
As seen in Fig. 3.14, two bromide ions (Brl) are linked to the 
copper atom by weak electrostatic forces, the copper-bromide bond 
lengths being 4.114 and 4.238 X respectively. These bonds are 
directed away from the plane of the nitrogen atoms in the opposite 
sense to that of the Cu-Br2 bond. Table 3.22 includes details of 
the mean plane of the copper atom and the three bromines to which 
it is linked. This plane is very nearly normal to the plane of the 
four nitrogen atoms (angle between the planes = 88.9°).
Fig. 3.50is a stereoscopic view of the molecular packing viewed 
along the z axis. This shows the linking of the molecules across 
centres of symmetry by the two bromide ions shared by the two 
molecules.
Fig* 3*15* Stereoscopic view of* molecular packing in
CUBE showing linking of molecules by bromide 
ions*
A ppendix I
Observed and calculated structure factors for CUTP. 
Unobserved reflections are marked with an X*
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Observed and calculated structure factors for CUNPIC. 
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2.85 1.06
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6 - 7  6 1 r 1 4 . 0 0 1 3 . 8 4
. _6. - 7  . 7 I. . . . ....8.01 8 . 8 9
IP  6 I I - 7 " :  ' 8 I ' l  . » 1 3 . 2 3 1 2 . 3 1
6 - 7  9 1 L 1 . 1 6 2 . 4 8
, - S . - 7  10 1.. - 5 . 8 0 5 . 2 1
6 - 7  11 1 L 1 . 9 3 2 . 8 0
6 -6 1 1 L 2 . 3 1 2 . 5 2
“-'611-6 2 1 --p. 1 1 . 1 6 1 1 . 0 7
•■'6 -6 3 1 1 4 . 1 5 1 4 . 4 3
__6 .... -6.......4 . 1 ....6 . 6 4 5 . 9 8
MI 6 -6 5 r 1 ' I': 5 . 3 3 5 . 2 2
6 -6 6 1 5 . 2 6 4 . 9 5
- 6 -6 7 1 L 2 .  68 . 4 5
6 : -6 8 1 1 1 . 9 2 1 1 . 2 5
6 -6 9 1 4 . 1 7 4 . 1 9
6"P - 6 1 1 1 0 1 1 ” 5 *  28 4 . 2 6
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_ 6 - 5  . 1 .. 1 .... 6 . 1 6 6 . 5 9
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.66
1 8 . 2 4
6 —5 5 1 5 . 4 0 5 . 4 4
—— 6.;...:_-5........ 6 .-. 1 . L . 2 . 6 3 _ 1 . 7 2
:HJtr 6 - 5  71 1 L-'I S 1 . 8 2 - 2 . 0 3
8 - 5  8 1 L 1.21 . 9 3
• 6 •■r. - 5 -  - , - 9 1 L 3 . 5 9 - 2 . 4 5
6 - 5  10 ' 1 ' 5 . 0 4 4 . 6 8
6 - 5  11 1 L 2 . 7 3 1 . 3 4
p ;  6.'! i r - 4 = r p l^ - 1 '^:^:" 2 1 . 7 0 2 2 . 2 3
6 - 4  2 “ 1 1 1 . 3 8 11.68
... 6 ._ - 4 __ 3 i  ' . 8 . 9 6 ..  8 . 6 5
6 - 4  4 1 2 3 . 0 9 2 3 .  76
6 - 4  5 1 4 .  2 4 i 4 . 0 5
6 - 4  6 -:.-l - 2 4  .  w 1 : 2 2 . 8 5
6 - 4  7 - • 1 '' " 9 .  51 i 8 . 0 5
6 - 4  8 1 7 . 0 8 6 . 5 0
P S , - 4 V  - 9 I  t  * * 1 7 2 0 ’- £ ' 7 1 3 9
6 - - 4  " 1 0 ' 1 ' ';~: 8 . 0 6 7 . 6 0
6 - 4  1 1 1 L 2 . 4 2 1 . 7 3
“ 6 r“-3 1 : l " ;' -  7 - - " 4 . 0 2 3 . 7 3
6 ^ 3  2 1 - 2 9 . 6 0 3 0 . 7 3
.....6 -3 3 . .1_____ 1 2 . 2 7 1 2 . 7 4
6 —3 , P - 4 ~ I . l 2 4 . 2 5 : 2 4 . 5 1
6 - 3  5 1 4 . 6 4 i 2 . 3 0
6 - -3 6 •, - .1 12.00 : 1 2 . 3 1
- 6 -  - 3  7 • 1 •••••--20  .  99 2 0 . 5 0
6 -3 8 1 L 3 . 0 0 5 . 0 9- 6 - - 3  • 9 1 L 3 .  2 4 . 9 0
6 - 3  10 '1 •.' 9 . 1 6 7 . 6 6
6 - 3  11 . 1 L 2 . 4 2 . 1 . 3 1
6 -2 1 1 : ,P.i1 3 . 4 3 1 3 . 2 8
6 -2 2 1 3 2 . 3 7 3 2 . 7  0
6 -2 3 1 L 3 . 1 2 4 . 0 9
6 -2 4 1 --- 1 8 . 7 7 1 8 . 3 3
6 -2 5 1 9 . 5 3 9 . 4 1
—- 6 -2 6 1 Li p 2 . 8 9 " 1 . 8 1
6 - 2  7 "'1 •• :“ 7 . 9 6 6.88
- 6 -2 8 1 _________ 5 . 5 0 4 . 2 5
I 6 . -2 9 1 -i-_ 4 . 4 8 3 . 0 7
6 -2 10 1 5 . 9 4 5 . 7 0
; 6 -1 1 , 1 1 1 . 9 2 1 2 . 0 3
6 -1 2 : 1 ' “1 9 . 6 5 2 0 . 7 7
6 - 1  3 1 1 5 . 2 3 1 5 . 4 7
6 - 1  4 1 ■ 1 6 . 4 9 1 4 . 7 1
6 - 1  5 1 L r 3 . 7 6 4 . 1 7
6 -1 .....6 1 5 . 8 9 5 . 2 7
6 - 1  7 1 L 1 . 2 4 1 . 6 7
6 -1 8 1 1 0 . 1 6 9 . 2 9
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6 -1 10 . i . 8.8 3 6 . 7 3
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- 3 :^ 1  , 3 ^  6 .  8 8 .  7 . 1 2  -
- 3  4  1 1 7 . 3 3  1 7 . 4 0
— 3 5 r l  r ~ r -  9 . 5 2  1 0 . 3 5
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Appendix III
Observed and calculated structure factors for CUBE. 
Unobserved reflections are flagged with an asterisk.
7'7 . .:'~7-:
0,0,1 0,22,L 0 38* —54
l^ol fL ; : 7-.r :- 777 r77. ■ '.;-
505 546 0 176 7 167 12,0,L■ • 4 605 673 '':7: .Z.. IT. ZZ.Z
.. 6 447 436 0,24,L 0 235 -232
1322 -1287 - ~‘-~-7 :.:f v7.7” . ZZ Z ZZ_rZ: '
' ~ .  ^ 10 132 -116
. 0
32* -25 13,0,L
1470 -702 ■~ ZZZ_""vvZZr.
LZZIZ 14 . 102 -119 - .. .... . . 1,0,1! - ....... _ __". 0 260 295
. . ■■. . >,2,L ..'3 ; 0 134 -131 14,0,L
.0 1835 2281 : 2,0,1
... * - - -- - •""" 0 133 -124
0,4.1 0 1324 -1316 1,1.L
0 259 255 - 0  824 -814
0,6,L 0 1655 -1723 ^
0 675 -545 4,0,L .. — ----- 0  377 -344
0.8.L 0 558 562 ’71..... 1,3,L
0 182 -165 5,0,1 . 0 824 -819
0.10,1 0 424 -388 1,4,1.
0 730 743 ~ 6,0,1 0 1892 -2149
0,12,1. " 0 1646 -1645 1,5,L
0 154 129 7,0,i’ 0 1133 1249
0,14,1 ■ " 0 '^132 '■/7 1247 _ ’;"7 '-^-' ~  1*6,L
0 388 -410 8,0,1 0 1605 -1793
0,16,1’ 0 513 -499 1,7,1
0 217 -225 9,0,1 0 199 187
0,18, L 0 308 200 1,8,1.
0 155 125 10,0,1. 0 359 -371
0,20,1. 0 1397 -1402 1.9,1
0 462 444 11,0.1 0 328 323
1.10.L 1,22,L 0 371 377
0 148 164 0 189 186 2.10.U
1.11.L 1.23.L 0 1298 1391
0 114 *106 0 224 -208 2,11,1.
1.12.L 1,24,1 . 0 890 -917
 'II'B.’ JIBS'-   150 J " ' 0 7 47 J i34   2,12,L
1.13.1 ' 1.25,1 ■ ■ - ■ - :0 370 389
0 41 54 0 1 9 4 - 2 0 0  2,13,L
1,14,L 2,1,1 0 768 -774
0 602 -614 0 464 465 2,14,1.
^ :;';7i.i5,t. 2,2,1 0 110 -i'02
0 623 606 0 1595 -1556 2,15,1
1.16.1 2,3,1 0 310 . -328
0 165 -177 0 1227 *1327 2,16,1
1,17,L 2,4,1 0 259 -252
0 762 756 0 549 579 2,17,1
1.18.1 2,5,1 . 0 206 189
0 51 ' 44 ..0 694 -732   2,18,1
1.19.1 2,6,1. 0 226 -216
0 175 182 0 430 421 2,19,1
1.20.1 2,7, L  "   0 92 -90
0 378 369 0 49 51 '2,20,1
1.21.1 2,8,L 0 98 -82
0 121 -115 0 1076 1126 2.21,1
2,9,1.   0 99 -90
2.22.1 : 3.9,1 0 ' 76 ' 63
0 182 -173 0 il07 1167 3,22,1
2.23.1 3,10,1 0 27* 9
0 211 -206 8 116 123 3,23,1
2.24.1 ■ 3.11,1 - J -... 0 93 90
0 307 -384 0 180 -194 3,24,1
2.25.1 3,12,1 0 12* 9
0 51 -60 0 234 249 4,1,1
3.1.1 3.13,1 0 680 -637
0 155 190 0 379 -394 4,2,1
' ^ 3,2,1 3,14,1 0 1887 1916
0 210 177 0 139 -148 4,3,1
3.3.1 • ;''^3,15,1 - ~   0 782 -790
0 18* 12 0 178 -166 4,4,1
3.4.1 3,16,1 ;7 g 578 577
0 1271 -1394 8 299 -295 ' 4,5,1
3.5.1 3,17,1 0 223 -213
0 1153 1206 0_ 219 223 4,6,1
3.6.1 3.18,1 0 187 -65
0 623 -680 0 137 132 4,7,1
3.7.1 3,19,1 0 279 ■ 280
0 1462 1592 0 206 203 4,8,1
3.8.1 3,20,1 0 386 -389
0   30* -21 0 60 58 4,9,1
"    3.21,1 8 202 -174
4t10#L 
0 30* 30
4» i 1, L 
0 797 -828
4.12.1
0 2 6 *  -7
4.13.1
0 809 -826
4.14.1
0 140 -122
4#15.L 
0 503 i507
4.16.1
0 126 -131
4.17.1
0 262 275
4.18.1
0 240 218
4.19.1
0 33* -8
4.20.1
0 256 243
• 4,21,,l 
0 262 -241
4.22,L 
0 252 248
4.23.1
0 165 -160
4.24.1
0 80 83
5.1.L
0 815 -793
5 , 2, 1 
0 332 317
5.3.1
0 121! -1221
“ 5,4,1 
0 471 486
5.5.1
0 452 -468
5.6.1
0 86 96
5.7.1
0 806 817
5.8.1
0 38 -U
5.9.1.
0 712 693
5.10.1
0 325 -340
5.11.1
0 502 505
5.12.1
0 453 -469
5,13,L 
0 215 211
5.14.1
0 62 27
5.15.1
0 658 642
5.16.1
0 400 -133
5.17.1
0 750 725
5.18.1
0 50 54
5.19.1
0 596 591
5.20.1
0 37* -20
' 5 # 21,1
0 38* -47
5.22.1
0 53 36
5 , 2 3 , 1  ' 6 , 1 2 , L  0  3 3 *  '' 1 6  ,
0 277 *279 a 179 179 7,2,1
6 . 1 , L  6 . 1 3 , L  ..0.;. 2 8 7  - 2 6 9
a  8 3 7  - 8 1 2  ; 0  • 4 7 4  - 4 7 3  ’ ^ * 3 , L
6 . 2 , L  ' 6 . 1 4 , 1 .  0  8 0  ; 9 8
0  9 6 5  - 9 6 3  0  3 0 6  2 9 1  7 , 4 , 1
6 . 3 , L  ;  6 . 1 5 , 1  0  7 2 4  7 1 5  ■
0  1 1 7 3  - 1 1 4 7  0  3 4 7  - 3 3 9  7 , 5 , L
6 . 4 , L  6 . 1 6 , l '  0  7 3 0  7 2 2
0  4 2 0  - 3 9 1  0  1 7 5  1 5 7  7 , 6 , i .
6 , 5 , 1  ’ 6 , 1 7 , L  0  5 8 0  . 5 9 3
0  6 2 8  - 6 2 5  0  ( 5 5  - 7 7  7 . 7 , L
6 , 6 , L  ' 6 . 1 8 , L  0  8 8 9  9 2 0
0  4 4 1  4 4 7  " 0  1 8 7  - 1 6 5  ~ 7 , 8 , L
  6 , 7 , 1  6  , 1 9  , L  0  1 5 2  1 6 0
0  4 1 2  4 1 1  ".................  0  1 5 *  - 1 9  7 , 9 , L
6  , 8  , L  : 6 , 2 0 , L  0  4 2 3  . 1 3 4
t f  1 2 8  1 5 5  0  3 2 0  - 3 0 5  7 , 1 0 , 1
6 , 9 , L  6 . 2 1 . L  - 0  1 5 8  - 1 6 0
0  1 7 5  - 1 6 6  0  2 3 5  - 2 3 1  7 , 1 1 , L
6 . 1 0 , L  6 . 2 2 . L  0  2 1 4  2 1 4
0  2 9 *  - 8  0  1 8 4  - 1 8 3  7 . 1 2 . 1 -
6 . 1 1 , L  6 , 2 3 , 1 .  ^  - 0  2 5 5  2 6 7
0  5 7 1  - 5 9 7  0  1 7 4  - 1 8 1  7 , 1 3 , L
7 ,  1 ,  L  ’J  7  0 :  3 3 3  - 3 3 6  ;
7.14, L 8,4,L 0 429 414
0 529 540 0 176 168 8,17,1
7.15, L 8,5, L 0 122 -113
0 90 100 0 46 -29 8,18,L
7.16, L 8 , 6, L : 0 77 55
0 148 149 0 48 -68 8 , 19 , L
7.17,L 8,7,L 0 37* 33
0 57 -14 0 44* -50 8,20,L
7.18,t 8,8,L 0 102 97
0 220 -215 0 716 -728 8,21,1
7.19.1  '  ".' V . 0   64 -46 v|;
0 55 62 0 60 -64 9,1,1
‘ 7,20,L 8.10,1 0 46 -6
0 262 -250 0 970 -992 9,2,L
7.21, L 8,11,L 0 424 418
0 98 97 " 0 372 -345 9,3,1
7.22.1 8.12,L 0 307 -312
0 90 -82 0 551 -534 9,4,L
“ — 8;j,lV' 8,13, L \  ^ 0 1168 1162
0 132 -134 0 352 -341 9,5, L.
8.2,L 8,14,L 0 3 0 6 - 3 1 4
0 161 -144 0 165 156 ' 9,6,1
8.3, L 8,15,1 0 890 868
0 69 -53 0 334 -335 9,7,I
8, 16,L 0 51 -54
\
‘3
9,8,L
0 65 57
0  2 2 5  1 9 6
7  9 , 1 0 , 1  
0  5 0 8  - 5 0 8
I :  9 , 1 1 , 1  
0  1 7 1  1 7 8
9 , 1 2 , L  
0  2 4 0  - 2 6 4
9 . 1 3 . 1
0 193 188
7  9 , 1 4 , L
0  8 3  • 5 7
9 , 1 5 , L  
0  6 3 3  2 8 g
9.16.1
7 0  2 4 0  2 3 8
7  9 , 1 7 , L
0  1 5 0  1 5 2
7  9,18# L
0  4 5  - 5 4
7  9 , 1 9 , L
0 128 117
9.20.1
0 216 -235
7  l0 ,i,L
0 73 69
10.2.1
0 1029 -1026
10.3.1 ;
0 196 200
10.4.1
0 255 -235
10.5,L
0 154 -131
10.6,L
0 180 182
10.7,L
0 407 -*392
10.8,L
0 7  218 -207
10.9,L
/
0 71 68
10.10.1
0 302 -298
10,11,1 
0 252 242
10,12,L
0 64 46
10,13.1
0 252 254
10,14,L
0 307 299
10,15,L
0 ■.■44*". 53
10,16,1
0 157 158
i 0,17, L
0 33* — 13
- .
10,18. L
0 105 ■-108
ii,i,L
0 285 2 77
11,2,L
0 237 229
11,3,1
0 598 597
11,4 # L
497 493
11,5,L
0 171 175
i1,6,1
0 475 476
11.7.1 12.3.L 0 78 74
0 453 -442 ' 0 531 518 ■ 13,2,1
11,8,L 12,4,L 0 251 252
0 333 334 0 82 -78 13,3,1.
11.9.1 ..12,5,L ; ;  0 48 ’ 35
0 3 2 6  -322’ 7 0  210 213 13,4,1.
11.10.1 12,6,L / " 0 174 . 173
0 189 193 0 196 -182 13,5,1.
ii,tl,L "  ■ 12,7,1. 0 281 -287
0 22* -23 0 15* -24 13.6,1
11.12.1 12,8,1 0 147 144
0 145 153 0 291 -300 13,7.1
11,13,L . : - 12,9,L 0 483 -517
0 53 -42 0 ' 56 -28 13,8,L
  11,14,L  7 12,10.L 0 28* -16
0 209 219 0 326 -337 13,9,1
11.15.1 12,11,1. 0 335 -351
0 252 -262 0 164 183 13.10.L
11.16.1 12,12,1 0 93. -98
0 203 213 0 291 -305 13,11 ,1.
12,1,1. 12,13.1 0 48 43
0 324 326 . 8  231 235 14,1,1
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